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SUMMARY 

An u n c e r t a i n t y  ana lys l s  was conducted t o  determine t h e  b ias  and p r e c i s i o n  
e r r o r s  and t o t a l  u n c e r t a i n t y  o f  measured t u r b o j e t  engine performance parame- 
t e r s .  The engine t e s t s  were conducted as p a r t  o f  t h e  Un i fo rm Engine Test Pro- 
gram which was sponsored by the  Advisory Group f o r  Aerospace Research and 
Development (AGARD).  Wi th  the  same engines, support  hardware, and inst rumenta-  
t i o n ,  performance parameters were measured tw ice ,  once d u r i n g  t e s t s  conducted 
i n  t e s t  c e l l  number 3 and again dur ing  t e s t s  conducted i n  t e s t  c e l l  number 4 
o f  t h e  NASA Lewis Propu ls ion  Systems Laboratory .  The a n a l y s i s  covers 15 engine 
parameters, i n c l u d i n g  engine i n l e t  a i r f l o w ,  engine n e t  t h r u s t ,  and engine I 

s p e c i f i c  f u e l  consumption measured a t  h i g h  r o t o r  speed o f  8875 rpm. 
ments were taken a t  t h ree  f l i g h t  cond i t i ons  de f i ned  by t h e  f o l l o w i n g  engine 
i n l e t  pressure,  engine i n l e t  t o t a l  temperature,  and engine ram r a t i o :  
(1) 82.7 kPa, 288 K, 1.0, (2 )  82.7 kPa, 288 K, 1.3, and ( 3 )  20.7 kPa, 288 K, 
1.3.  

Measure- 

I n  terms o f  b ias ,  p rec i s ion ,  and u n c e r t a i n t y  magnitudes, t he re  were no 
d l f f e r e n c e s  between most measurements made i n  t e s t  c e l l  numbers 3 and 4. The 
magnitude of t he  e r r o r s  increased f o r  bo th  t e s t  c e l l s  as engine pressure l e v e l  
decreased. Also, t he  l e v e l  o f  t h e  b las  e r r o r  was t w o  t o  t h r e e  t i m e s  l a r g e r  
than t h a t  o f  t he  p r e c i s i o n  e r r o r .  

INTRODUCTION 

This  r e p o r t  presents the  NASA Lewis e r r o r  assessment o f  t he  engine 
performance parameters measured dur ing  t h e  Uni form Engine Test  Program (UETP) 
which was conducted i n  the  NASA L e w i s  Propu ls ion  Systems Laboratory  (PSL), i n  
t e s t  c e l l  number 3 d u r i n g  1981, and again,  i n  t e s t  c e l l  number 4 d u r i n g  1985. 
E r r o r s ,  i n  terms of b ias ,  p rec is ion ,  and unce r ta in t y ,  a r e  presented f o r  
se lec ted  engine performance parameters measured a t  a t a r g e t  h igh  r o t o r  speed 
and t h r e e  rep resen ta t l ve  t e s t  cond i t ions  agreed upon by t h e  Working Group 
sponsor ing the  UETP. 
magnitudes between measurements I n  c e l l  numbers 3 and 4 a r e  a l s o  presented. 

Measurement system d e s c r l p t l o n s  and a comparison o f  e r r o r  



Thc Uniform Engine Testing Program I s  sponsored by the Propulsion and 
Energetic Panel, Working Group 15, of the Advisory Group for Aerospace Research 
and Development (AGARD). The program conslsts of testing two 557 turbojet 
engines under Identical conditions in a number of altltude and ground level 
faclllties ln several NATO Countries (U.S.A., England, France, Canada, and 
Turkey). The purpose of the program l s  to compare engine performance measure- 
ments made in these various test facllltles and to establish the reasons for 
any observed differences (ref. 1). Several factors can influence the observed 
measurements. The main ones are as follows: ( 1 )  influence of the facility, 
(2) degradatlon of engine performance with running time, and (3) facility 
measurement systems errors. For the NASA Lewis tests, the first two factors 
were dealt with I n  references 1 and 2. The purpose of this report is to deal 
wlth the third factor by presenting an uncertainty assessment of engine per- 
formance parameter measurements made during tests conducted In the NASA Lewis 
Propulslon Systems Laboratories, test cell numbers 3 and 4. 

. 

As agreed upon by the Working Group 15 members, the methodology of error 
assessment followed in this report i s  that of reference 3. It assumes that 
errors fall into two simple classes: bias (or systematic) and preclslon (or 
random). A single number representing the limit of error, or total uncertalnty 
i s  then defined as a combination of the bias and the precision errors. For 
each class of error, several elemental errors caused by different sources In 
the measurement process are combined to produce a single value for that class. 
Sources of elemental errors include calibratlon, environment, data acquisition, 
and data reductlon. The propagation of each class of error into a performance 
parameter is then accomplished by using Taylor's series cis explained In detail 
I n  reference 3. 

To provide for a better understanding of the error assessment results, the 
report wlll first present a description of the measurement systems and data 
acquisition systems used in test cell numbers 3 and 4 of PSL. The error 
results will then be presented as follows: (1 )  bias, preclsion, and uncertainty 
of all measured varlables (pressures, temperatures, speeds, areas, forces, and 
fuel flows); (2) Influence coefflclents showlng the effect of each measured 
variable on performance parameters; (3) performance parameter biases, precl- 
slons, and total uncertaintles for measurements made In test cell numbers 3 
and 4. The results are presented for three test conditions deflned by the 
following engine inlet pressure, engine inlet temperature, and engine ram 
ratio: ( I )  82.7 kPa, 288 K ,  1.0 referred to herelnafter as condltlon number 3; 
(2) 82.7 kPa, 288 K ,  1.3 referred to herelnafter as coridltion number 6, (3) 
20.7 kPa, 288 K ,  1.3 referred to herelnafter as condition number 9. 

MEASUREMENT SYSTEMS DESCRIPTION 

Six measurement systems were employed during the Uniform Englne Testing 
Program tests conducted ln cells 3 and 4 of the NASA Lewis Propulsion Systems 
Laboratory. They are force, fuel flow, pressure, temperature, speed, and area. 
This section will present a brlef description of each system and its calibra- 
tlon methods. All systems were the same for cells 3 and 4 except for the pres- 
sure system which wlll be dlscussed for each cell separately. 



Thrust Measurement System 

Enqlne i n s t a l l a t i o n .  - Figure l ( a )  and ( b )  shows a 357 engine schematic 
and t h e  i n s t r u m e n t a t i o n  l oca t i ons ,  r e s p e c t i v e l y .  A schematic o f  a t y p i c a l  UETP 
engine I n s t a l l a t i o n  i n  t h e  NASA L e w i s  A l t i t u d e  Test F a c i l i t y  i s  shown I n  
f i g u r e  2. The i n s t a l l a t i o n  was a convent iona l  d i r e c t  connect ion.  
was i n s t a l l e d  i n  a "doghouse" t e s t  stand mounted on t h e  t h r u s t  bed. The bed 
was suspended by f o u r  f l e x u r e  rods a t tached t o  t h e  chamber w a l l  and was f r e e  
t o  move except as r e s t r a i n e d  by a dual  l o a d - c e l l  measurement system t h a t  
a l lowed t h e  t h r u s t  bed t o  be preloaded. 

The engine 

The t e s t  c e l l  I nc luded  a forward bulkhead which separated t h e  i n l e t  plenum 
f rom t h e  t e s t  sec t i on .  
be l lmouth  i n t o  t h e  i n l e t  duct .  A l a b y r i n t h  seal  was used t o  i s o l a t e  t h e  i n l e t  
d u c t i n g  f rom t h e  be l lmouth  which was a t tached t o  t h e  fo rward  bulkhead. The 
i n l e t  duc t i ng ,  which was mounted on t h e  t h r u s t  bed, was mated t o  t h e  engine 
through an i n f l a t a b l e  seal  t o  minimize l oad ing  on t h e  engine f r o n t  f l ange .  
C e l l - c o o l i n g  a i r  was supp l ied  through a man i fo ld  supported by t h e  fo rward  
bulkhead. 

Condit ioned a i r  f lowed f rom t h e  plenum through t h e  

C e l l - c o o l i n g  a l r  and engine exhaust gases were captured by a c o l l e c t o r ,  
which extended through the  rea r  bulkhead, thereby m in im iz ing  t h e  p o s s i b i l i t y  
o f  exhaust gas r e c l r c u l a t l o n  i n t o  t h e  t e s t  c e l l .  

The two t e s t  c e l l s  a t  NASA L e w l s  where UETP engine t e s t s  were conducted, 
r e f e r r e d  t o  h e r e i n a f t e r  as PSL-3 and PSL-4, a re  o f  t h e  same p h y s i c a l  s l z e  - 
7.315-m ( 2 4 - f t )  d iameter by 11.582-m ( 3 9 - f t )  long. The on ly  d i f f e r e n c e  between 
t h e  two c e l l s  I s  t h e  d i s tance  between t h e  c e l l  c e n t e r  l i n e  and t h e  t h r u s t  bed, 
t h a t  d i s tance  I s  3.345 m ( 6  f t )  for PSL-3 and 1.219 m ( 4  f t )  f o r  PSL-4. 

Method o f  c a l c u l a t i o n .  - Net t h r u s t  i s  c a l c u l a t e d  as f o l l o w s :  

where 

F G  gross t h r u s t  

VO f r e e  stream v e l o c i t y  

WA1 a i r f l o w  r a t e  a t  s t a t i o n  1 

WA1 * V, ram drag 

(A complete symbol l i s t  i s  g iven  i n  app 
by us 
t i o n  

FN = FG - WA1 * Vo 

d l x  A . )  G r  t h r u s t  was c a l c u l a t e d  
I n g  t h e  s teady-s ta te  conservat ion o f  a x i a l  momentum p r i n c i p l e :  t h e  summa- 
o f  a l l  a x i a l  f o rces  a c t i n g  on a c o n t r o l  volume i s  zero. This  leads t o  t h e  

f o l l o w i n g  equat ion  w i t h  t h e  con t ro l  volume shown i n  f i gu i -e  3: 

FG = FM - FP + F 1  + FSEAL + FTARE + FDAP + FD + FBOAT 

where 

ABOAT exhaust nozz le  b o a t t a i l  area 

3 



ASEAL 

AWET 

CF 

FBOAT 

FD 

FDAP 

FM 

FP 

FSEAL 

FTARE 

F1 

GAM 1 

M1 

PAMB 

PSEAL 

PBOAT 

PS 1 

v1 

labyrlnth seal area 

wetted area between plane at start of inlet ducting and plane at 
station 1 

flat plate drag coefficient at zero angle of attack 

exhaust nozzle boattail drag force, ABOAT * (PBOAT - PAMB). During 
all tests PBOAT was made equal to PAMB In the calculations program. 
Test data show this force to be of negligible magnitude. 

force caused by flow on the Inside diameter between the labyrinth 
seal inlet plane and alrflow measurement plane: 
GAM1 * CF * PS1 * M1 * AWET/2 
force caused by flow through the labyrinth seal and test cell 
(cooling air), calibrated force 

force measured by force load cell, average of two bridges 

force measured by preload load cell, average of two bridges 

pressure forces acting on the labyrinth seal area, 
ASEAL * (PSEAL - PAMB) 

force caused by thrust stand support and service systems, calibrated 
force 

total momentum at inlet plane, WA1 * Vl + A1 * (PS1 - PAMB) 

specific heat at station 1 

Mach number at station 1 

ambient pressure 

average static pressure at station 0.1 and 0.2 

average static pressure at station 0.4 

average static pressure at station 1 

veloclty at station 1 

Calibration. - The following calibrations were performed for each engine 
test program: 

( 1 )  Load cells were calibrated against standards traceable to the NatIonal 
Bureau of Standards (NBS). This calibratlon was performed prior to and after 
the completion of each UETP entry. 

(2) Electrical calibrations of the load cells were performed prior to each 
test run. Preand post-test run calibration data (zeros and full scales) were 
recorded at sea level and altitude conditions. 
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( 3 )  Test  stand f o r c e  c a l i b r a t i o n s  were conducted t o  determine f o r c e  
(FTARE) caused by t h r u s t  stand support and se rv i ce  systems ( f u e l  and l n s t r u -  
mentat ion l i n e s ) .  C a l l b r a t l o n  procedure cons is t s  o f  app ly lng  loads, through 
the  pre load system, t o  the  t e s t  stand w i t h  a l l  s e r v l c e  l i n e s  pressur ized  and 
engine a l r f l o w  and t e s t  c e l l  coo l ing  a i r  o f f .  I n  equat ion  form 

FG 0 FM - FP + F1 + FTARE t FDAP t FSEAL + FD t FBOAT 

and FTARE = FP - FM 

where F1, FG, FDAP, FSEAL, FD, and FBOAT a r e  a l l  zero because t h e r e  i s  no 
engine a i r f l o w  o r  pressure forces d u r i n g  t h i s  c a l i b r a t i o n .  
c a i i b r a t i o n  data i n  Psi-4 i s  shown i n  f i g u r e  4 .  

One example o f  557 

( 4 )  T e s t  f a c i l i t y  f l o w  c a l i b r a t i o n s  were conducted t o  determine f o r c e  
(FDAP) caused by f l o w  through the l a b y r l n t h  seal  and t e s t  c e l l  ( c o o l i n g  a i r ) .  
C a l i b r a t i o n  procedure cons is t s  o f  b l a n k l n g - o f f  t h e  i n l e t  duc t  downstream o f  t h e  
l a b y r i n t h  seal  ( f i g .  5 (a) )  then p ressu r l z lng  the  duc t  and f l o w i n g  a i r  through 
the  seal  and t e s t  c e l l  ( c o o l i n g  a l r )  and measuring t h e  r e s u l t a n t  fo rces .  I n  
equat lon  f o r m  

f 0  
d : M  - FP t F1 t FTARE + FDAP + FSEAL t FD t FBOAT 

and 

FDAP = FP - FM - F1 - FTARE - FSEAL 

where FG, FD, FBOAT a r e  a l l  zero because t h e r e  i s  no englne a l r f l o w .  
Ins t rumenta t ions  used f o r  t h i s  c a l c u l a t i o n  (PS1, PSEAL) a r e  shown i n  
f l g u r e  5(b) and ( c ) ,  respec t l ve l y .  An example o f  557  c a l l b r a t i o n  da ta  I n  PSL-4 
i s  shown I n  f i g u r e  6. 

Fuel Measurement System 

Descr lDt ion .  - A schematic o f  t h e  f u e l  system i s  shown i n  f i g u r e  7 .  Fuel 
i s  s to red  i n  f o u r  25 000-gal supply tanks.  The tanks were l oca ted  approx l -  
mate ly  one q u a r t e r  o f  a m l l e  f r o m t h e  f a c i l i t y  b u l l d i n g .  Fuel was pumped f rom 
the  supply tanks t o  t h e  t e s t  f a c i l i t y  b u l l d i n g .  Two s t a t i o n s ,  one ou ts ide  t h e  
t e s t  b u i l d i n g  and one i n s i d e  t h e  t e s t  c e l l  were a v a i l a b l e  f o r  f u e l  pressure 
r e g u l a t i o n .  A f u e l  accumulator was I n s t a l l e d  c lose  t o  the  engine t o  a l l o w  f o r  
smoother engine t r a n s i e n t s .  

The f a c i l l t y  f u e l  f l o w  measurement system c o n s i s t s  o f  dual  range ( h l g h  and 
low range) se ts  (one s e t  = 2 f l o w  meters)  o f  t u r b l n e  f l o w  meters and a c o n t r o l  
va lve.  The c o n t r o l  va lve  was automated and func t i oned  i n  t h e  f o l l o w i n g  manner: 

(1)  Open p o s i t i o n :  f u e l  w i l l  pass through t h e  h i y h  range f l o w  meters 
on l y .  

5 



( 2 )  Closed p o s i t i o n :  f u e l  w i l l  pass through the  h i g h  range and t h e  low 

Method o f  c a l c u l a t i o n .  - The f o l l o w i n g  equat ion was used t o  c a l c u l a t e  

range meters.  

f u e l  f l ow :  

WF = WFX * W * SG60 * [ l  + C E X  (288.7 - TWF)] * (1/K) 

where 

SG60 f u e l  s p e c i f i c  g r a v i t y  a t  288.7 K as determined by NASA Lewis Chemical 

CEX 

TW F 

WFX 

K 

V 

w 

Laboratory 

f u e l  expansion f a c t o r  

f u e l  temperature 

meter frequency 

meter c a l i b r a t i o n  f a c t o r ,  a f u n c t i o n  o f  WFX/v 

f u e l  v i s c o s i t y  as determined f rom equat ion g iven i n  t h e  UETP General 
Test Plan ( r e f .  4) 

water dens i ty  a t  288.7 K 

C a l i b r a t i o n .  - Fuel measurement system, f u e l  meter and approp r ia te  l e n g t h  
o f  p ip ing ,  I s  c a l i b r a t e d  by us ing  a standard t raceab le  t o  NBS. The method o f  
c a l i b r a t i o n ,  g rav ime t r i c  f l o w  c a l i b r a t i o n ,  i s  t he  same as t h a t  descr ibed i n  
d e t a i l  i n  re ference 3, Sec t ion  4.2.1.2. C a l i b r a t i o n s  were performed p r i o r  t o  
and a t  t h e  completion o f  each UETP e n t r y .  
water.  Repea tab i l i t y  data were  obta ined a t  80 percent  and 10 percent  o f  range. 
Typ ica l  c a l i b r a t i o n  run  data a r e  shown i n  f i g u r e  8. 

The c a l i b r a t i o n  f l u i d  used was 

Pressure Measurement System 

PSL-3 sys tem d e s c r i p t i o n  and c a l i b r a t i o n .  - Figures 9(a)  and (b )  show 
schematics o f  PSL-3 pressure scan lva lve  system and i t s  t ransducer  c a l i b r a t i o n  
system respec t i ve l y .  The Scaniva lve system ( f i g .  9 ( a ) )  c o n s i s t s  of  a Scani- 
va lve  module, w h i c h  accepts 24 pressure i n p u t s ;  a stepper motor t o  advance t h e  
Scaniva lve module f r o m  p o r t  t o  p o r t ;  a channel encoder d r i v e n  i n  p a r a l l e l  w i t h  
the  Scaniva lve module t o  p rov ide  ou tpu t  code f o r  each o f  t h e  p o s i t i o n s  ( 1  t o  
24); a s t r a i n  gauge t ransducer ;  and a c o n t r o l  box ( n o t  shown I n  f i g .  9 ( a ) ) ,  
which housed the c o n t r o l  e l e c t r o n i c s  and the  i npu t /ou tpu t  i n t e r f a c e .  The 
valves were located ou ts ide  the  t e s t  c e l l  approx imate ly  15.24 m away f rom 
engine pressure measurement sources d u r i n g  t h e  UETP t e s t s .  The system was 
stepped a t  a ra te  o f  s i x  por ts /sec .  Double p o r t i n g  o f  some pressure sources 
measured on t h e  same scan iva lve  was used t o  e l i m i n a t e  p o s s i b l e  e r r o r s  because 
o f  s e t t l i n g  t i m e .  Each va lve  u t i l i z e d  two p o r t s  each for a low and h i g h  
reference c a l i b r a t i o n  pressures.  Depending on pressure l e v e l ,  Mans f ie ld  and 
Green dead weight system, o r  a vacuum source (measured by a D i g i q u a r t z  t rans -  
ducer)  were used as sources  f o r  t he  c a l i b r a t i o n  pressures.  Each t ime  a va l ve  
was cyc led,  t h e  pressure a t  each p o r t  was c a l c u l a t e d  as f o l l o w s :  

- I  
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PX p LRVAL + JHRVAL - LRVALL * PXMV 
(HRMV - LRMV) 

where 

Px unknown pressure 

LRVAL low reference source pressure as determined by Dlgiquartz transducer 

HRVAL high reference source pressure as determined by calibration weights 

LRMV low reference port millivolts 

HRMV high reference port millivolts 

PXMV unknown pressure port millivolts 

The Digiquartz transducers and the Mansfield and Green dead weight system 
were periodically calibrated against a standard traceable to NBS. 

PSL-4 system description and calibration. - A functional diagram of the 
pressure system used In PSL-4 is shown in figure 10. The major components of 
the system are: system controller, data acquisition and control unit (DACU), 
pressure calibration unit (PCU), and sensor modules. The system controller 
interfaces the user to the DACU. Its main purpose i s  to program the DACU and 
dlrect data flow within the system. The DACU i s  a rack-mountable device which 
provides control and data acquisition functions for up to 512 pressure channels 
of sensors modules. An &bit microprocessor executing firmware programs con- 
trols the DACU. The DACU interfaces with the PCU and sensors through twisted 
palr Instrumentation cables. Sensors are contained in the sensor modules and 
are connected to engine probes through tubing of 0.3175-cm dlameter and maxi- 
mum length of 15.24 m. The PCU consists of pneumatic valvlng and high accuracy 
quartz pressure transducers. The DACU, through the PCU, first pneumatically 
switches the sensors into the calibrate position, then applies three calibra- 
tion pressures to all transducers in each pressure range. At each pressure, 
the electrical response of each transducer i s  measured. The calibration data 
can then be reduced by the DACU and a characteristic equation of the form shown 
below is generated for each transducer: 

Px = co + c1 * vx + c2 * vx2 
where 

Co offset coefficient 

CJ sensitivity coefficient 

C2 nonlinearity coefficient 

Vx voltage reading at Px 

Px unknown pressure to be measured 
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Settling tlme between appllcatlon of the callbration pressure and measurement 
of transducer outputs was 8 sec. Updating transducer coefficients (performing 
new callbratlon) could be done on command or automatically every 20 min. The 
quartz transducers were calibrated agalnst standards traceable to NBS prior to 
and at the completion of each UETP entry. 

Temperature Measurement System 

A schematlc of the temperature measurement system I s  shown in flgure 1 1 .  
Special grade type-K thermocouple wires were used in all facility and englne 
temperature probes. The extenslon wires and connectors were also made from 
nominal grade type-K thermocouple wlres. The reference junctions were con- 
nected to ovens capable of maintainlng the junction temperatures at constant 
level (338.7 K). The oven temperatures were recorded, using an ice point 
reference system, each tlme a scan was made. The ovens and the ice reference 
were periodically checked and malntalned. 

Speed Measurement System 

Speed was measured by using tachometer generators whlch produce sine wave 
voltage output. Pulses were dlrectly counted over a period of 1 sec with 
15-bit-wide dlgltal counters. 

Area Measurement System 

Diameter measurements were made with a micrometer which was accurate to 
0.00254 cm (0.001 In.). 

DATA ACQUISITION AND REDUCTION SYSTEMS 

First Entry (PSL-3) 

A schematic of the steady-state data acquisition, recording, display, and 
reduction system used In PSL-3 during the UETP tests 'IS shown in figure 12. 
Electrical signals from all sensors were condltloned, except for temperature 
sensor outputs which were routed to reference ovens, prior to routing them to 
the data acqulsltion systems. Speed and fuel flow signals (sine wave) were 
reshaped by the frequency converter equipment to produce sharply defined square 
pulses whlch are easier to count. Pulse slgnals were then sent to the digital 
data acqulsltion system whlch consisted of several precision electronic 
counters. Force and pressure slgnals were passed through special strain-gauge 
signal condltloners whlch also supplied the required excitation voltage for the 
sensor's straln-gauge brldges. Temperature, pressure, and force slgnals were 
sent to the analog data acqulsltion system, which consisted of several ampli- 
fiers and analog to digital converters. Digital output from all channels of 
the data acqulsltlon systems were then sent to the facility computer (SEL8600). 
The computer performed the functions of raw data recording on magnetic tape and 
on-line data processing and display. The magnetic tape data were sent to an 
IBM 3033 central computer system for batch processlng. Final processed data 
were available on magnetic tape, mlcroflche, or as line printer output. 

. 

For the first entry tests, the total scanning period per reading was 
20 sec. Durlng this perlod, 20 scans o f  data from each input channel were 
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acqu i red  and recorded a t  a r a t e  o f  1 scan/sec. Each scan o f  an i n p u t  channel 
was converted t o  engineer ing un l ts  be fore  a l l  20 scans were averaged t o  produce 
a s i n g l e  reading.  Dur ing each data scan, 100 msec were used t o  d i g i t i z e  a l l  
i n p u t  channels (480 channels) .  Table I presents a complete da ta  a c q u i s i t i o n  
t ime summary d e s c r i b i n g  a l l  func t ions  performed d u r i n g  a scan. 

Wi th  t h e  except ion  of  pressure sensors, a l l  o t h e r  ins t ruments  remained a t  
t h e i r  r e s p e c t i v e  p o s i t i o n s  (sensors were n o t  exerc ized between load and 29-load 
p o s i t i o n s  each t i m e  a scan was taken) d u r i n g  t h e  t o t a l  scanning p e r i o d  r e s u l t -  
i n g  I n  o n l y  one ins t rument  dwel l  per  reading.  Because o f  t h e  c a l i b r a t i o n  
method used f o r  t h e  Scaniva lve pressure system, I t s  sensors were exerc ized f l v e  
t imes d u r i n g  t h e  t o t a l  scanning p e r i o d .  The number o f  ins t rument  dwe l ls  
a f f e c t s  t h e  ins t rument  p r e c i s i o n  e r r o r  by reducing i t  by an amount p r o p o r t i o n a l  
t o  t h e  r e c i p r o c a l  o f  t h e  square r o o t  o f  t h e  number o f  dwe l ls .  Th is  number i s  
d i f f e r e n t  f rom t h e  number o f  scans per reading.  Scans were obta lned a t  a con- 
s t a n t  inst rument  p o s i t i o n .  

Second E n t r y  (PSL-4) 

A schematic of t h e  s teady-state da ta  a c q u i s i t i o n ,  record ing ,  d i s p l a y ,  and 
r e d u c t i o n  system used d u r i n g  UETP second e n t r y  t e s t s  i s  shown i n  f i g u r e  13. 
The equipment used t o  c o n d l t l o n  and r o u t e  t h e  speed, f u e l  f low,  temperature,  
and f o r c e  s i g n a l s  t o  t h e  da ta  a c q u i s i t i o n  systems were t h e  same as i n  PSL-3. 
The pressure measurement system was changed t o  an e l e c t r o n i c  scanning pressure  
system as descr ibed i n  t h e  previous s e c t i o n .  Raw data  f rom t h e  d i g i t a l  and 
analog da ta  a c q u i s i t i o n  systems and engineer ing u n i t s  da ta  (p ressure)  f rom t h e  
e l e c t r o n i c  scanning pressure system were t r a n s f e r r e d  through t h e  P D P l l  computer 
( l o c a t e d  i n  t h e  t e s t  f a c i l i t y )  t o  t h e  V A X  computer ( l o c a t e d  i n  t h e  c e n t r a l  
computer b u i l d i n g ) .  
i n g  u n i t s ,  c a l c u l a t i o n  o f  performance parameters, and t r a n s f e r  o f  processed 
da ta  back t o  t h e  P D P l l  computer f o r  l i m i t  checking and CRT d l s p i a y s  a t  t h e  
f a c l l l t y .  
t r a l  computer f o r  f i n a l  data reduc t ion  and a n a l y s i s .  

The V A X  computer p rov ided o n - l i n e  convers lon t o  engineer-  

The V A X  computer a lso t r a n s f e r r e d  engineer ing u n i t s  da ta  t o  a cen- 

Dur ing t h e  second e n t r y  t e s t s ,  t h e  t o t a l  scanning p e r i o d  per read ing  was 
30 sec. Dur ing t h i s  per iod,  20 scans o f  data f rom each i n p u t  channel were 
acqui red and recorded a t  a ra te  o f  one scan per 1 . 5  sec. One scan f rom each 
channel c o n s i s t s  o f  one frame of da ta  except f o r  pressure channels where one 
scan c o n s l s t s  o f  t h e  average o f  f o u r  frames obta ined a t  a r a t e  o f  one frame 
every 0.024 sec. Each channel 's 20 scans were f i r s t  conver ted t o  eng ineer ing  
u n i t s  and then averaged t o  produce a s i n g l e  va lue  f o r  t h e  reading.  
h u n d r e d - f i f t e e n  m i l l i s e c o n d s  were used t o  a c q u i r e  a l l  t h e  da ta  (480 channels)  
d u r l n g  each scan. Table 11 presents a complete da ta  a c q u i s i t i o n  t ime summary 
d e s c r i b i n g  a l l  f u n c t i o n s  performed d u r i n g  a scan. I n  terms o f  ins t rument  
dwe l ls ,  a l l  sensors remained a t  t h e i r  r e s p e c t i v e  p o s i t i o n s  d u r i n g  t h e  t o t a l  
scanning p e r i o d  r e s u l t i n g  i n  one d w e l l  per  reading.  

Two 

A summary o f  t h e  p e r t i n e n t  da ta  a c q u i s l t l o n  parameters i s  g iven  i n  
t a b l e  111. Table I11 l i s t s ,  f o r  each measured v a r i a b l e ,  t h e  t o t a l  number o f  
probes, t h e  t o t a l  scanning per lod,  t h e  number o f  scans per  reading, and t h e  
number o f  Inst rument  dwe l ls  per reading.  
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MEASUREMfiNT UNCERTAINTY METHODOLOGY 

l h e  process used i n  t h i s  r e p o r t  f o r  de termin ing  measured 
parameter e r r o r s  i s  based on t h e  method s p e c i f i e d  i n  t h e  UETP 
( r e f .  4)  and fo l l ows  t h e  approach o f  re fe rence  3. The method 
f o l l o w i n g  steps: 

performance 
General Test Plan 
i n v o l v e s  t h e  

( 1 )  Determinat ion o f  a l l  e lemental  e r r o r s ,  bo th  b iases  and p r e c i s i o n s ,  f o r  
each measured v a r i a b l e  i n v o l v e d  i n  a performance parameter c a l c u l a t i o n s .  These 
e r r o r s  w i l l  be r e f e r r e d  t o  h e r e a f t e r  as: 

b i j  = ith elemental b i a s  e r r o r  f o r  t h e  jth measured v a r i a b l e  i n  
percent  o f  reading 

s i j  = i t h  elemental p r e c i s i o n  e r r o r  f o r  t h e  j t h  measured v a r i a b l e  
i n  percent  o f  read ing  

( 2 )  Determinat ion o f  t o t a l  b ias  and p r e c i s i o n  e r r o r s  f o r  each measured 
v a r i a b l e  as fo l l ows :  

where 

B j  

SJ 

percent o f  reading 

t o t a l  b i a s  f o r  t h e  jth measured v a r i a b l e  i n  percent  o f  read ing  

t o t a l  p r e c i s i o n  f o r  t h e  j t h  measured v a r i a b l e  i n  percent  o f  read ing  

( 3 )  Determinat ion o f  t o t a l  u n c e r t a i n t y  f o r  each measured v a r i a b l e  i n  

u j  = 2 ( B j  + t 9 5  * S j )  

where 

U j  t o t a l  u n c e r t a i n t y  f o r  t h e  j t h  measured v a r i a b l e  i n  percent  o f  read ing  

t95  n i n e t y - f i f t h  p e r c e n t i l e  p o i n t  f o r  t h e  t w o - t a i l e d  Student 'It" 
d i s t r i b u t i o n  and i s  a f u n c t i o n  o f  t h e  degrees o f  freedom used t o  
c a l c u l a t e  SJ. A va lue  o f  2.0 was chosen i n  t h i s  r e p o r t .  

( 4 )  Determinat ion o f  each performance parameter i n f l u e n c e  c o e f f i c i e n t s .  
These c o e f f i c i e n t s ,  de f i ned  i n  re fe rence 3 as t h e  p a r t i a l  d e r i v a t i v e s  of t h e  
performance parameter w i t h  respec t  t o  each measured v a r i a b l e ,  were es t imated  
i n  t h i s  r e p o r t  by c a l c u l a t i n g  t h e  percent  change I n  a performance parameter 
( A G )  because o f  a 1 percent  change i n  a measured v a r i a b l e  (AX). Th is  was done 
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by p e r t u r b i n g  by 1 percent  each measured v a r i a b l e s  i n  t h e  UETP data  r e d u c t l o n  
program. These c o e f f i c i e n t s  w i l l  be r e f e r r e d  t o  h e r e i n a f t e r  as AG/AX. 

( 5 )  The f i n a l  s tep  i s  t h e  propagat ion o f  t h e  measured v a r i a b l e  e r r o r s  t o  
each performance parameter by us ing t h e  T a y l o r ' s  s e r i e s  formula ( r e f .  3 )  

The t o t a l  u n c e r t a i n t y  i s  then c a l c u l a t e d  as 

where 

BG performance parameter bias e r r o r ,  percent  o f  read ing  

SG performance parameter p r e c l s l o n  e r r o r ,  percent  o f  read ing  

UG performance parameter uncer ta in ty ,  percent  o f  read ing  

- AG change i n  t h e  performance parameter (G) due t o  1 percent  change i n  
t h e  j t h  measured v a r l a b l e  ( X j )  

t o t a l  b i a s  e r r o r  o f  the jth measured v a r i a b l e  

t o t a l  p r e c i s i o n  o f  t h e  j tn  measured v a r i a b l e  

Axj 

BJ 

RESULTS AND DISCUSSION 

An e r r o r  a n a l y s i s  was conducted t o  determine t h e  b ias ,  p r e c i s i o n ,  and 
u n c e r t a i n t y  o f  measured 557 t u r b o j e t  engine performance parameters. Wi th  t h e  
same engine, performance parameters were measured tw ice ,  once, d u r i n g  t e s t s  
conducted i n  t e s t  c e l l  number 3 and agaln d u r l n g  t e s t s  conducted i n  t e s t  c e l l  
number 4 o f  t h e  NASA Propuls lon Systems Laboratory .  The t e s t s  were conducted 
as a p a r t  o f  t h e  UETP program whlch was sponsored by AGARD. 
covered 15 performance parameters measured a t  a h i g h  r o t o r  speed o f  8875 rpm 
a t  t h r e e  engine f l i g h t  cond l t lons  r e f e r r e d  t o  as t e s t  c o n d i t i o n  3 (P2 = 
82.7 kPa, T2 = 288 K, P2/PAMB = l . O ) ,  t e s t  c o n d i t i o n  6 (P2 = 82.7 kPa, T2 = 
288 K, P2/PAMB = 1.3) ,  and t e s t  c o n d l t l o n  9 (P2 = 20.7 kPa, T2 = 288 K, 
P2/PAMB = 1.3).  The r e s u l t s  are dlscussed I n  terms o f  t h e  measured v a r i a b l e  
e r r o r s  i n  appendix A and t a b l e  I V ,  t h e  performance parameter i n f l u e n c e  c o e f f i -  
c i e n t s  as presented i n  t a b l e  V,  and t h e  performance parameter e r r o r s  ( b i a s ,  
p r e c i s i o n ,  and u n c e r t a i n t y )  as presented I n  t a b l e  V I .  

The a n a l y s i s  

Appendix B presents  an e r r o r  a u d l t  f o r  v a r i a b l e s  as they were measured i n  
A s i m i l a r  a u d i t  was performed f o r  t h e  same measured v a r i a b l e s  d u r i n g  PSL4. 

t e s t s  i n  PSLS. 
by t h e  Nor th  American p a r t l c l p a n t s  I n  t h e  UETP program (NRC,  AEDC, NASA, 

The a u d i t  was l n l t l a t e d  and developed by AEDC and was f i n a l i z e d  
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NAPC). 
( f o r c e ,  f u e l  f l o w ,  pressure,  temperature, speed, and a rea ) .  The f i r s t  p a r t  i s  
an elemental  e r ro r  source d e s c r i p t i o n .  The second i s  t h e  e r r o r  source evalua- 
t i o n  which l i s t s  e lemental  e r r o r  source ( b i  and s i ) ,  t e s t  c o n d i t i o n  
(numbers 3, 6, and 9 ) ,  t he  abso lu te  va lue o f  t h e  magnitude o f  t h e  e r r o r  f o r  
each measured var iab le ,  and comments about the  method used t o  determine the  
e r r o r .  A lso inc luded as p a r t  o f  t he  eva lua t i on  i s  a l i s t  o f  measured v a r i a b l e s  
t o t a l  b ias ,  p rec i s ion ,  and unce r ta in t y ,  c a l c u l a t e d  as descr ibed i n  t h e  prev ious  
sec t ion .  The t h i r d  p a r t  i s  an elemental  e r r o r  source diagram ( f i g s .  B-1 t o  
B-6). I n  general ,  t he  data i n  t h i s  appendix i n d i c a t e  no consis tency i n  t h e  
type  o f  major c o n t r i b u t o r s  t o  the  t o t a l  b ias  between t h e  s i x  measurements. 
example, t h e  magnitudes o f  t he  f o r c e  measurement system elemental  b iases,  I n  
descending order,  a r e  as f o l l o w s :  b20 ( c a l i b r a t i o n  da ta  curve f i t ) ,  b l  
(s tandard l abo ra to ry  c a l i b r a t i o n ) ,  and b19 (channel  measurement e r r o r ) .  How- 
ever, t he  magnitudes f o r  t h e  temperature measurement system, i n  descending 
order ,  a re  as fo l l ows :  b l  (s tandard  l a b o r a t o r y  c a l i b r a t i o n ) ,  b2 ( re fe rence  
system), and b7 (measurement channel ) .  I n  t e r m s  o f  t h e  elemental  p r e c i s i o n  
e r r o r s ,  no one source i s  dominant s ince  a c t u a l  pos t  t e s t  da ta  were used t o  
c a l c u l a t e  t h e  p r e c i s i o n  r e s u l t i n g  f r o m  a combinat ion o f  sources. 

It cons is ts  o f  t h ree  p a r t s  f o r  each o f  t h e  s i x  measurement systems 

For 

Table I V  summarizes t h e  r e s u l t s  o f  t he  e r r o r  e v a l u a t i o n  f o r  a l l  r equ i red  
va r iab les  as they were  measured i n  PSL-3 and PSL-4. The t a b l e  cons is t s  o f  two 
main columns: measured v a r i a b l e s  and e r r o r s .  The f i r s t  column l i s t s  t he  name 
o f  each measured v a r i a b l e  and i t s  nominal value, as medsured i n  PSL-3 and PSL-4 
f o r  each t e s t  cond i t i on  a t  a h i g h  r o t o r  speed o f  8875 rpm. The second column 
l i s t s ,  f o r  PSL-3 and PSL4, t o t a l  b ias ,  t o t a l  p r e c i s i o n ,  and t o t a l  u n c e r t a i n t y  
f o r  each measured v a r i a b l e  a t  each t e s t  cond i t i on .  There were 22 measured 
va r iab les  i f  the f u e l  lower-heat ing va lue (LHV) i s  inc luded.  A f u e l  ana lys i s  
done a t  NASA Lewis supp l ied  one va lue f o r  the  LHV e r r o r .  
were c a l c u l a t e d  by us ing  t h e  assumption o f  un i fo rm e r r o r  d i s t r i b u t i o n  as 
descr ibed i n  re ference 3. 

P r e c i s i o n  and b ias  

The e r r o r s  l i s t e d  i n  t a b l e  I V  a re  t h e  same as those l i s t e d  i n  appendix B, 
Also, t he  pre-  (PSL-4) except t h a t  here they a re  g iven i n  percent  o f  reading.  

c i s i o n  e r r o r s  were reduced, f rom those shown i n  appendix B, by t h e  r e c i p r o c a l  
o f  the  square r o o t  o f  t h e  number o f  probes used t o  average each measured var-  
i a b l e .  However, the number o f  scans per  read ing  (20)  was n o t  used i n  a s i m i l a r  
fash ion,  s ince  the m a j o r i t y  o f  t he  inst rument  systems were n o t  exerc ised each 
t ime a scan was taken ( i . e . ,  on l y  one dwel l  per  read ing ) .  I n  genera l ,  t h e  
data i n  t h i s  tab le  show t h a t  ( 1 )  measured v a r i a b l e  e r r o r  l e v e l s  i n  PSL-3 and 
PSL-4 were comparable (except  f o r  PS7 and P7), ( 2 )  e r r o r  l e v e l s  increased s i g -  
n i f i c a n t l y  f o r  t e s t  c o n d i t i o n  9 ( l o w  pressure l e v e l s )  because o f  t h e  assumption 
o f  constant  absolute l e v e l s  o f  e lemental  e r r o r s  over t h e  complete range o f  a 
measurement system, and ( 3 )  b ias  e r r o r s  a re  two t o  t h r e e  t imes h ighe r  than 
p r e c i s i o n  e r ro rs .  

The in f l uence  o f  t he  measured va r iab les  on each performance parameter 1s  
The t a b l e  g iven i n  terms o f  t h e  i n f l u e n c e  c o e f f i c i e n t s  presented i n  t a b l e  V.  

cons i s t s  o f  two main columns, measured va r iab les ,  and performance parameter 
i n f l u e n c e  c o e f f i c i e n t s .  The f i r s t  column l i s t s  t h e  name o f  t h e  measured 
va r iab les ,  t h e  t e s t  c e l l ,  and the  t e s t  cond i t i ons .  The second column l i s t s  
t h e  I n f l u e n c e  c o e f f i c i e n t s  (hG/AX)  f o r  t h e  1 5  performance parameters. I t  i s  
apparent f rom t h i s  t a b l e  t h a t  l e v e l  and s ign  of  these c o e f f i c i e n t s ,  f o r  any 
performance parameter, were comparable between t e s t  c e l l  numbers 3 and 4. 
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However, for FN, SFC, FNRD, and SFCRD, both the level and sign changed from 
condition 3 to condition 6 or 9, regardless of test cell, for some measured 
variables. For example, for PSL-3, the influence coefficient of the perform- 
ance parameter FN, because of the measured variable P1, went from 
t2.086 percent for condition number 3 to t0.834 and t0.805 percent for condi- 
tion numbers 6 and 9, respectively. Also, the coefficients of PS1 for SFC went 
from 0.703 percent for condition number 3 to -0.396 and -0.465 percent for 
condition numbers 6 and 9, respectively. The reason for these changes is due 
to the change in engine ram ratio from 1.0 for condition number 3 to 1.3 for 
condition numbers 6 and 9, thereby resulting in different changes in the FN 
term of WA1 * Vo (ram term). 

The most valuable information that can be extracted from this table is the 
sorting out of the measured variables of a performance parameter in terms of 
the magnitude of their influence on the parameter. For example, the measured 
variables which caused the most influence on FN for PSL-3, condition number 3 
are, in descending order: P2 ( 4 . 7 2 4 ) ,  PAMB (2.77), P1 (2.086), FS (0.915), 
PS1 (0.697), PBOAT (0.613), A1 (0.099), PSEAL (0.036), TAIR (0.031), T2 
(0.027), ASEAL (0.013), TMl (0.002). 

Following the methodology described i n  the previous section, measured 
variable errors were propagated to the performance parameters through the 
influence coefficients with the results given in table VI. This table consists 
of two main columns: performance parameter and errors. The first lists the 
name of the performance parameter, the test cell, and the test conditions, the 
second lists, in percent of the nominal value of the performance parameter, the 
total bias, the total precision, and the total uncertainty. The data in this 
table show the following: 

( 1 )  For most performance parameters at a given test condition, error 
levels, bias, precision, and uncertainty, were comparable between measurements 
made in test cell numbers 3 and 4. 

(2) For any performance parameter at either test cell, error levels 
increased significantly as test conditions were changed from numbers 3 or 6 to 
9 because of a decrease in pressure levels. 

(3) For any performance parameter, the total bias error was two to three 
times higher than total precision error. 

(4) There were insignificant differences in errors between corrected and 
uncorrected airflow, net thrust, and specific fuel conscmption. 

CONCLUSIONS 

As a requirement of the UETP, NASA Lewis performed an uncertainty analysis 
of engine performance parameters as measured in the Lewis Propulsion Systems 
Laboratory. A summary of the results of that analysis is as follows: 

1. As a result of the UETP, a measurement uncerta’nty methodology was 
developed which makes the NASA Lewis results comparable to those generated by 
the other facilities which participated in the UETP. 
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2. Most engine performance parameter measurements I n  t h e  NASA Lewis 
Propu ls ion  Systems Laboratory  t e s t  c e l l  numbers 3 and 4 had t h e  same e r r o r  
l e v e l s  i n  t e r m s  o f  b ias ,  p rec i s ion ,  and u n c e r t a i n t y .  

3. As a percent o f  reading, performance parameter e r r o r  l e v e l s  increased 
w i t h  decreas ing pressure.  

4. Performance parameter b ias  e r r o r  l e v e l s  were two t o  t h r e e  t imes h ighe r  
than those o f  p rec i  s ion  e r r o r s .  

5. For n e t  t h r u s t ,  t h e  measured v a r i a b l e s  hav ing t h e  g r e a t e s t  I n f l uence ,  
i n  descending order, a r e  as f o l l o w s :  P2, PAMP, P1, FS, PS1, PBOAT, A l ,  PSEAL, 
T A I R ,  T2, ASEAL, and TM1. 

'6. There were i n s i g n i f i c a n t  d i f f e r e n c e s  i n  e r r o r  between co r rec ted  and 
uncorrected a i r f l o w ,  n e t  t h r u s t ,  and s p e c i f i c  f u e l  consumption. 



APPENDIX A - SYMBOLS 

ABOAT 

AS 

ASEAL 

exhaust nozz le  b o a t t a i l  area, ( A 7  - A8), m2 

area a t  i n l e t  d u c t  Labyr in th  seal ,  m2 

l a b y r i n t h  sea l  area, ( A S  - A l ) ,  m2 

AWET wet ted area between plane a t  s t a r t  o f  i n l e t  d u c t i n g  and p lane a t  
a i r f l o w  measuring s t a t i o n ,  w * DI * LI, m* 

area a t  engine i n l e t  airflow measurement plane, m2 

area a t  exhaust nozz le  i n l e t  p lane, m* 

area a t  exhaust nozz le  e x i t  p lane, m2 

t h e  G performance parameter t o t a l  b ias ,  percent  

t o t a l  b i a s  f o r  t h e  j t h  measured v a r i a b l e ,  percent  

i t h  elemental  b i a s  e r r o r  f o r  t h e  j t h  measured v a r i a b l e ,  percent  

A1 

A7 

A8 

BG 

BJ 

b i j  

CEX f u e l  expansion f a c t o r  

C D8 s t a t i o n  8 (p lane of engine exhaust nozz le  e x i t )  f l o w  c o e f f i c i e n t  based 
on f a c i l i t y  a i r f l o w  r a t e  measurement 

CF f l a t  p l a t e  drag c o e f f i c i e n t  a t  zero ang le  o f  a t t a c k  

C G8 exhaust nozz le  t h r u s t  c o e f f i c i e n t  

co o f f s e t  c o e f f l c l e n t  

CV8 exhaust nozz le  v e l o c i t y  c o e f f i c i e n t  

c1 s e n s i t i v i t y  c o e f f i c i e n t  

c2  n o n l i n e a r i t y  c o e f f i c l e n t  

D1 dlameter a t  s t a t i o n  1 a l r f l o w  measuring s t a t i o n ,  m 

FBOAT pressure f o r c e  on exhaust nozz le  b o a t t a l l ,  ABOAT * (PBOAT - PAMB), N 

FD f o r c e  caused by f l o w  on the  i n s i d e  d iameter  betueen l a b y r i n t h  seal  
i n l e t  p lane and f a c i l i t y  a i r f l o w  measurement plane, 
GAM1 * CF * PS1 * M1 * AWET, N 

FDAP c a l i b r a t e d  f o r c e  caused by f l o w  through t h e  l a b y r i n t h  seal  and t h e  
t e s t  c e l l .  N 

1 5  



F G  

FM 

FN 

FNRD 

FP 

FS 

FSEAL 

FTARE 

F1 

G 

GAM1 

G PM 

HRMV 

HRVAL 

K 

LHV 

LRMV 

LRVAL 

L1 

NH 

NHRD 

NL 

NLRD 

PAMB 

PBOAT 

engine gross t h r u s t ,  N 

f a c i l i t y  t h r u s t  bed f o r c e  measurement, N 

engine net  t h r u s t ,  N 

engine ne t  t h r u s t  r e f e r r e d  t o  des i red  cond i t i ons ,  N 

f a c i l i t y  t h r u s t  bed pre load f o r c e  measurement, N 

f a c i l i t y  t h r u s t  bed sca le  f o r c e  measurement, 
FM - FP t FTARE t FDAP t FD, N 

pressure f o r c e  on l a b y r i n t h  seal  area, ASEAL * (PSEAL - PAMB), N 

c a l i b r a t e d  fo rce  caused by t h r u s t  stand support  and s e r v i c e  system, N 

engine i n l e t  t o t a l  momentum, WA1 * V1 t A1 (PS1 - PAMB), N 

general  n o t a t i o n  f o r  performance parameters 

s p e c i f i c  heat  a t  s t a t i o n  1 

ga l lons  per mlnute 

rnechanlcal scan iva lve  system h i g h  re fe rence pressure p o r t  m l l l l v o l t  
ou tpu t  

rnechanlcal scan iva lve  s y s t e m  h i g h  re fe rence p o r t  pressure,  kPa 

f u e l  m e t e r  c a l i b r a t i o n  f a c t o r ,  cyc les /ga l  

f u e l  lower hea t ing  value, J/N 

mechanical scan iva lve  system low re fe rence pressure p o r t  m i l l i v o l t  
ou tpu t  

rnechanlcal scan iva lve  system low re fe rence pressure p o r t  pressure,  kPa 

leng th  between I n l e t  o f  l a b y r i n t h  seal  and f a c i l i t y  a i r f l o w  measuring 
planes, rn 

h lgh-pressure compressor speed, rpm 

high-pressure compressor speed r e f e r r e d  t o  des i red  cond i t i ons ,  rpm 

low-pressure compressor speed, rpm 

low-pressure compressor speed r e f e r r e d  t o  des i red  cond i t i ons ,  rpm 

ambient pressure,  kPa 

average s t a t i c  pressure a t  s t a t i o n  0.4, kPa 

8 
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PS1 

PS7 

PS7Q2 

PSEAL 

Px 

(Px)mv 

P1 

P2 

P7 

P7Q2 

SFC 

S F C O  

SF60 

SG 

s i j  
T A I R  

1-M 1 

TM7 

TWF 

T2 

T7 

T7Q2 

t 9 5  

UG 

uJ 
vo 

average s t a t i c  pressure a t  s t a t i o n  1, kPa 

average s t a t i c  pressure a t  s t a t i o n  7, kPa 

PS7/P2 

average s t a t i c  pressure a t  s t a t i o n  0.1, 0.2, kPa 

unknown pressure t o  be measured by pressure measurement system 

unknown pressure p o r t  m l l l i v o l t  ou tpu t  

average t o t a l  pressure a t  f a c i l i t y  a i r f l o w  measuring plane, kPa 

average t o t a l  pressure a t  s t a t i o n  2, kPa 

average t o t a l  pr;essure a t  s t a t i o n  7, kPa 

P7/P2 

engine s p e c i f i c  f u e l  consumption, g/N s 

SFC r e f e r r e d  t o  des i red  c o n d i t i o n s ,  g/N s 

f u e l  s p e c i f i c  g r a v i t y  a t  288.7 K 

t h e  G performance parameter t o t a l  p r e c i s i o n ,  percent  

t o t a l  p r e c i s i o n  f o r  t h e  jth measured v a r i a b l e ,  percent  

j t h  elemental  p r e c i s i o n  e r r o r  f o r  t h e  jth measured v a r i a b l e ,  percent  

average t o t a l  temperature a t  s t a t i o n  0, K 

average metal  temperature a t  s t a t i o n  1, K 

average metal  temperature a t  s t a t i o n  7, K 

average f u e l  temperature, K 

average t o t a l  temperature a t  s t a t i o n  2, K 

average t o t a l  temperature a t  s t a t i o n  7, K 

T7 /T2 

9 5 t h  p e r c e n t i l e  p o i n t  for t h e  t w o - t a i l e d  s tudent  I't" d i s t r i b u t i o n  

t h e  G performance parameter t o t a l  u n c e r t a i n t y ,  percent  

u n c e r t a i n t y  f o r  t h e  j t h  measured v a r i a b l e ,  percent  

f r e e  stream v e l o c i t y ,  m/sec 
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v x  

v1  

W 

WA1 

WA1 R D  

WF 

WFRD 

WFX 

X 

A 

vo l tage a t  Px 

v e l o c i t y  a t  s t a t i o n  1, m/sec 

water densi ty ,  g /ga l  

a i r f l o w  r a t e  a t  s t a t i o n  1, kg/s 

a i  r f  low r a t e  r e f e r r e d  t o  des i  red cond i t i ons ,  kg/s 

engine f u e l  f l o w  r a t e ,  g/s 

englne f u e l  f l o w  r a t e  r e f e r r e d  t o  des i red  cond i t i ons ,  g/s 

f u e l  f l o w ,  meter output ,  Hz 

a random measured v a r i a b l e  

change i n  parameter 
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APPENDIX B - PSL-4 ERROR A U D I T  

Elemental Error Source Description for Force Measurement System 

Error Type 

bl 

b2 

b3 

b4 

b5 

b6 

b7 

b8 

b9 

bl0 

bl 1 

b12 

bl 3 

b l  4 

bl 5 

b16 

Error Description 

Error from standard lab calibration of load cells, including 
traceability to national standards 

Error due to misalignment between the engine force vector and 
the force vector measured by the data load cell train 

Error due to shift in load cell calibration caused by 
attachement o f  adaptors and flexures 

Error due to pressurization of the labyrinth seal 

Error caused by the measurement o f  the forces on an axis 
dlfferent from the engine centerllne 

Error due to the system hysteresis 

Error due to the system nonrepeatability, as determined by 
repeated calibration both pre- and post-test 

Error due to the system nonlinearity 

Error due to the effect of changes in cell pressure on the load 
cell 

Error due to the effect of changes in cell pressure on the test 
cell wall which I s  the thrust system ground 

Error due to the effect of changes In line pressure on the tare 
forces exerted on the thrust measurement system by propellant 
lines, etc., routed to the engine 

Error due to the effect o f  a change in temperature on the load 
cell 

Error due to the effect of changes in temperature on the tare 
forces exerted on the thrust measurement system by lines routed 
to the engine 

Error due to thermal growth of the thrust stand 

Error due to inlet air ram effects on sea level test stands 

Error due to secondary airflow external drag effects on engine 
surface and servlce lines 

19 
~ 

I 



Error Type Error Description 

b17 ~ 1 7  

b18 518 

Error due to the effect of vibration on the load cell 

Error due to the effect of vibratlon on the thrust stand 

b19 s19 Error from signal conditioning, shunt calibration, and digital 
system 

b20 520 Error from curve fit of calibration data 

b21 s21 Error associated with the ability to determine a time interval 
when the data varies due to plant or englne instability 



Source  

b l  
s l  

b 2  
s 2  

b3 
s3 

b4 
s4 

b5 
s5 

b6 
s6 

b9 
s9 

TABLE 8-1.  - ELEMENTAL ERROR SOURCE EVALUATION FOR FORCE MEASUREMENT SYSTEM 

[Measured v a r i a b l e s ,  s c a l e  f o r c e  ( F S ) ;  r ange ,  c o n d i t i o n  3. 6, 9 a t  NH = 8875 rpm.] 

( a )  E lemen ta l  e r r o r s  

Magn i tude ,  N ( l h f )  

: o n d i t i o n  3 : o n d i t i o n  6 

"Magn i tude = 0 N ( l b f )  

: o n d i t i o n  9 

Cnmments 

E s t i m a t e d  f r o m  t r a c e a b i l i t y  i n f o r m a t i o n  and s t a n d a r d  
l a b o r a t o r y  c a l i b r a t i o n  d a t a  

Neg!!g!b!e errsr;  based 3~ engineering e s t l m a t e  t h a t  
a l i g n m e n t  be tween e n g i n e  c e n t e r  l i n e  and  l o a d  c e l l  
measurement c e n t e r l i n e  i s  a c c u r a t e  

E s t i m a t e d  based on l o a d  c e l l  c a l i b r a t i o n  r e p e a t a b i l i t y  
i n c l u d i n g  p r e -  and p o s t - t e s t  c a l i b r a t l o n ;  i n c l u d e d  i n  
s l  9 

E s t i m a t e d  f r o m  t e s t  f a c i l i t y  f l o w  c a l i b r a t i o n  d a t a ,  
t h e s e  d a t a  a r e  o b t a i n e d  t o  d e t e r m i n e  f o r c e s  caused by 
f l o w  t h r o u g h  t h e  l a b y r i n t h  s e a l  and t e s t  c e l l  
( c o o l i n g  a i r ) .  C a l i b r a t i o n  t e s t  c o n s i s t s  o f  b l a n k i n g  
o f f  t h e  i n l e t  d u c t  downstream o f  t h e  l a b y r i n t h  s e a l ,  
f l o w i n g  a i r  t h r o u g h  t h e  s e a l  and t h e  t e s t  c e l l ,  and 
m e a s u r i n g  t h e  r e s u l t a n t  f o r c e s .  D a t a  a r e  o b t a i n e d  a t  
i n l e t  and c e l l  p r e s s u r e s  c o r r e s p o n d i n g  t o  each t e s t  
c o n d i  t i  on. 

N e g l i g i b l e  e r r o r ;  d e s i g n  c o n s i d e r a t i o n s  o f  t h r u s t  bed 
and s u p p o r t  sys tem reduce  e r r o r  t o  n e g l i g i b l e  
magni t u d e  

E s t i m a t e d  f r o m  t e s t  s t a n d  f o r c e  c a l i b r a t i o n  d a t a  
w h i c h  a r e  o b t a i n e d  t o  d e t e r m i n e  f o r c e s  caused by 
t h r u s t  s t a n d  s u p p o r t  and s e r v i c e  sys tems .  
C a l i b r a t i o n  t e s t s  a r e  conduc ted  b e f o r e  e n g i n e  s t a r t s  
and a f t e r  e n g i n e  shutdowns a t  sea l e v e l  and a l t i t u d e  
c o n d i t i o n s ;  t h u s  mak ing  t h i s  e r r o r  a combined v a l u e ,  
a c c o u n t i n g  f o r  e r r o r  sou rce  6, 7, 8, 10,  11,  13, 
and 14 .  

E s t i m a t e d  f r o m  e l e c t r i c a l  c a l l b r a t i o n  d a t a  o b t a i n e d  
t o  d e t e r m i n e  e n v i r o n m e n t a l  e f f e c t s  on l o a d  c e l l s ,  
w h i c h  a r e  v e n t e d  t o  c e l l  p r e s s u r e  and w a t e r  c o o l e d .  
C a l i b r a t i o n  d a t a  a r e  o b t a i n e d  b e f o r e  e n g i n e  s t a r t s  
and a f t e r  e n g i n e  shutdowns a t  sea l e v e l  and a l t i t u d e  
c o n d i t i o n s ;  t h u s  mak ing  t h i s  e r r o r  a combined v a l u e  
a c c o u n t i n g  f o r  e r r o r  sou rce  9 and 12 .  



TABLE 6-1. - Continued 

Condition 

3 
6 
9 

Source 

Error, N (lbf) 

Total system Total system Total system 
bias, precision, uncertainty, 

B S U 

68.6(15.4) 40.1 (9 .O) 148.8( 33.4) 
68.6( 15.4) 41.3(9.3) 151.2(34.0) 
68.6( 15.4) 35.5(8.0) 139.6(31 .4) 

b15 
sl5 

b16 
sl6 

b17 
sl7 

bl8 
sl8 

bl9 
s19 

b20 
s 20 

b21 
s21 

Magnitude, N (lbf) 

Condition 3 Condition 6 Condition 9 

Comments 

Not applicable 

Included in s4 

Negligible error; 1 Hz filters installed in load cel' 
measurements channels. 

Negligible error 

Estimated from data system specifications and NASA 
Lewis UETP data by using the method described in 
reference 3, appendix C 

Estimated as the root-sum-square o f  differences 
between curve fit and calibration data 

Negligible error; 1 Hz filters and data averaging 
reduce error to negligible magnitude. Each data 
point consists of the average of 20 samples taken at 
a rate of one sample every 1.5 sec. 

(b) Total errorsb 

aMagnitude = 0 N (lbm). 

bTotal system bias, B =d(bl)2 t (b19)2 t (b20)2 ; total system precision, 

S =d(~l)~ t ( ~ 4 ) ~  t (s6)* t (s9)2 t (s19)2 ; total system uncertainty, U = (6 t 2 * S ) .  
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STANDARDS 
CALIBRATION 
HIERARCHY 

( b  l ‘ S 1 )  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

TEST 
CELL 
THRUST 
SYSTEM 

T - 
DATA SYSTEM 
ACQUISITION 
AND 
PROCESSING 

CALIBRATION 

ENVIRONMENTAL 

‘ “16*”16 1 

( b 1 7 * S 1 7 )  
i b 1 8 * S 1 8 )  

-I MEASUREMENT CHANNEL ERROR 1 1 b i 9 * S 1 q )  

4 DATA PROCESSING ERROR 1 ( b20’S20) 

SAMPLING ERROR 1 ( b 2 1 * S 2 1 )  

FIGURE B-1. - ELEMENTAL ERROR SOURCE DIAGRAM FOR FORCE MEASUREMENT SYSTEM. 
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Elemental Error Source Description for Fuel Flow Yeasurement System 

Error T m e  

sl 

s2 

s3  

54 

s 5  

s6  

s7 

S8 

5 9  

51 0 

s11 

Sl2 

S13 

*l4 

Error Description 

Error from standard lab calibration of flowmeter, including 
traceability to national standards 

Error due to the effect of cavitation caused by insufficient 
static pressure within the flowmeter 

Error due to the effect of turbulent flow caused by sharp bends, 
etc. upstream of the flowmeters 

Error due to the effect of orientation differences from 
callbration to application 

Error from determination of calibration fluid specific gravity, 
viscosity, and matching these to the characteristics of the test 
fluid to be used 

Error due to the flowmeter nonrepeatability from repeat 
flowmeter calibration, Including difference between pre- and 
post-test calibrations 

Error from the effect of ambient temperature changes on the 
flowmeter 

Error In the determination of test fluid viscosity 

Error in the determination of test fluid specific gravity 

Error from the effect of vibration on the flowmeter 

Error from the effect of ambient pressure changes on the 
flowmeter 

Error associated with the ability to deter,ntne a representative 
value over a specified time interval when the data are varing 
due to fuel pressure or engine instability 

Error from signal conditioning calibration oscillator and 
digital system 

Error from curve fits o f  calibration data and fluid property 
correc ti on 



TABLE 8-11, - ELEMENTAL ERROR SOURCE EVALUATION FOR FUEL FLOW MEASUREMENT SYSTEM 

[Measured v a r i a b l e s ,  f a c i l i t y  f u e l  f l o w  ( W F ) ;  range, c o n d i t i o n  3, 6, 9 a t  NH = 8875 rpm.] 

(a) Elemental e r r o r s  

Cond i t ion  

3 
6 
9 

s3 

b4 

b5 
s5 

b6 
sb 

b7 
s7 

b8 
5.8 

b9 
s9 

b l 0  
S l O  

b l l  
SI I 

b12 
s l 2  

b13 
s l 3  

b14 
s l 4  

E r r o r ,  g /s  ( lbm/hr)  

T o t a l  system Tota l  system T o t a l  system 
b i a s ,  p r e c i s i o n ,  u n c e r t a i n t y ,  

B S U 

3.1(25.1) 1.6(12.5) 6.3(50.1) 
3.0(24.2) 1.6(12.5) b.2(49.2) 
l.O(E.2) .8(6.3) 2. b( 20.8) 

Magnitude, g/s ( l b m l h r )  

Cond i t ion  3 

Comments 

~ ~ ~ _ _ _ _  

Est imated f rom c a l i b r a t i o n  t r a c e a b i l i t y  i n f o r m a t i o n  

N e g l i g i b l e  e r r o r ;  f u e l  p ressure  i s  k e p t  h i g h  enough t o  
p revent  c a v i t a t i o n  

N e g i l l g l b l e  e r r o r ;  f u e l  f l o w  measurement p i p e  upstream 
and dowstream s t r a i g h t  sec t ions  a r e  g r e a t e r  than 
20 diameters i n  l e n g t h  

N e g l i g i b l e  e r r o r ;  f u e l  f l o w  measurement p i p e  c a l i b r a -  
t ier!  and !nsta!!at!or! er!e!?tat!cns a r e  t h e  52me 

N e g l l g l b l e  e r r o r ;  water i s  used as c a l i b r a t i o n  f l u i d .  
Corrected frequency ( f / v )  i s  used t o  determine K - f a c t o ]  

S h i f t  i n  meter K - f a c t o r  between pre-  and p o s t - c a l l b r a -  
t i o n  inc luded i n  s13 

Est imated by us ing  I S A  procedure f o r  c a l c u l a t i n g  e r r o r  
in t roduced by dlmenslonal  changes due t o  d i f f e r e n c e s  
i n  opera t ing  and c a l i b r a t i o n  temperatures 

N i g l i g i b l e  e r r o r ;  v i s c o s i t y  d e t e r m i n a t i o n  method i s  t h l  
same f o r  all t e s t  f a c i l i t i e s  

Based on NASA Lewis chemical l a b  es t imate  o f  s p e c i f l c  
g r a v i t y  e r r o r  and es t imate  o f  f u e l  temperature e r r o r  

N e g l i g i b l e  e r r o r  

N e g l i g i b l e  e r r o r  

N e g l i g i b l e  e r r o r ;  da ta  averag ing  reduce e r r o r  t o  
n e g l i g i b l e  magnitude. Each d a t a  p o i n t  c o n s i s t s  o f  
t h e  average o f  20 samples taken a t  a r a t e  o f  one 
sample every 1.5 sec. 

Est imated from channel s p e c i f l c a t l o n s  da ta  and NASA 
Lewis U E l P  da ta  by us ing  t h e  method descr ibed i n  
re fe rence 3, appendix C 

Est imated as maximum d i f f e r e n c e  between curve f i t  and 
c a l i b r a t i o n  da ta  

( b )  l o t a l  e r r o r s b  

dMaynitude = 0 g/s ( l b m l h r ) .  

bTota1 system b ias ,  B =)/(b1)2 t (b7)2  t (b9)2 t (b13)2 t (b14)2 ; t o t a l  system p r e c i s i o n ,  

S = d ( s l ) 2  t (s13)2 ; t o t a l  system uncer ta in ty ,  U = ( 6  + 2 * S ) .  
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CALIBRATION 

___-___---------_---_ 

TEST CELL 
SYSTEM 

CAVl ATION i ib2,s22) 

CONFIGURATION TURBULENCE I (b3*S3)  
INSTALLATION 

METER ORIENTATION 1 ( b 4 . S ~ )  

CALCULATtD F L U I D  

TEST CELL 
SYSTEM 
CALIBRATION 

TEMPFRATURF 1 
[b8’s81 b7,S7) 

VISCOSITY 
SPECIFIC GRAVITY ‘ (bq*S9 ENVIRONMENTAL 

EFFECTS 

DATA SYSTEM SAMPLING ERROR I ( b 1 2 3 1 2 )  
ACQUISITION 

MEASUREMENT CHANNEL ERROR I (b13.S13)  

I PRoCESSING 14 DATA PROCESSING ERROR 1 ( b l q * S l q )  

FlGURt 8-2. - ELEMENTAL ERROR SOURCE DIAGRAM FOR FUEL FLOW MEASUREMENT 
SYSTEM. 
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Elemental Error Source Description for Fuel Flow Measurement System 

Error TY Re 

bl 

b2 

b3 

b4 

b5 

b6 

b7 

b8 

b9 

bl0 

bl 1 

b12 

bl 3 

bl4 

Error OescriDtion 

Error from the standards lab calibration of the in place 
pressure generator or the sensor calibration, Including 
traceability to national standards 

Error from the design and fabrication of the static or total 
pressure probe 

Error from the design and fabrication of the reference pressure 
probe for delta pressure measurements 

Error due to changes In transducer calibration with llne 
pressure for delta pressure sensors 

Error from the determination of reference pressure 

Error due to sensor hysteresis 

Error due to sensor nonlinearity 

Error due to sensor nonrepeatability 

Error due to the effect of changes in temperature on the 
pressure sensor 

Error due to the effect of vlbration on the pressure sensor 

Error due to the effect of changes in llne pressure on delta 
pressure sensors 

Error associated with the ability to determine a representative 
value over a specified time Interval when the data are varing 
due to plant or engine instability 

Error from signal conditioning, electrical calibration, and 
digital system 

Error from curve fit of calibration data 
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j ou rce  

b l  
s l  

b2 
s2 
b2 
s2 
b2 
S 2  

b3 
s3 

b4 
s 4  

b5 
s 5  

b6 
5.6 

b9 
s9 

b12 
s12 

TABLE 8-111. - ELEMLNTAL ERROR SOURCE EVALUAlION FOR PRESSURE MEASUREMENT SYSTLM 

[Measured v a r i a b l e s ,  P1, PS1, P2, P7, PS7, PAMB, PBOAT, PSEAL; range,  c o n d i t i o n  3, 6, 9 

a t  NH = 8875 rpm.] 

Condl t i o n  

P1* PS1 

Magnitude, kPa ( p s i )  

P2 P7. PS7 PAMB, PBOAT, PSEAL 

aMagnitude = 0 kPa ( p s i ) .  

28 

Comments 

Es t ima ted  f rom s p e c i f i c a t i o n s  
d a t a  f o r  t h e  c a l i b r a t i o n  p res -  
su re  measurement system 

i l l i s  e r r o r  a p p l i e s  o n l y  t o  
s t a t i c  p r e s s u r e  measurement 
and i s  due t o  w a l l  s t a t i c  
p r e s s u r e  h o l e  s i z e .  Des ign  
c o n s i d e r a t i o n s  reduce t o t a l  
p r e s s u r e  probe e r r o r s  t o  
n e g l i g i b l e  magn i tude.  

Not  a p p l i c a b l e  t o  NASA Lewis 

N e g l i g i b l e  e r r o r ;  system 
c a l i b r a t e d  eve ry  20 m in  by u s i n g  
t h r e e - p o i n t  c a l i b r a t i o n  pressure !  
c o v e r i n g  t h e  range o f  t e s t  
p ressu res  

N e g l i g i b l e  e r r o r  

Es t ima ted  f rom sys tem's  s p e c i -  
f i c a t i o n s  d a t a  and NASA Lewis 
UETP d a t a  w i t h  t h e  method 
d e s c r i b e d  i n  AEDC-1R-73- 5 .  
s e c t i o n  5.2.2.  T h i s  i s  a 
combined v a l u e  a c c o u n t i n g  f o r  
e r r o r  source  6, 7, 8 ,  13, and 14 

N e g l i g i b l e  e r r o r ;  o n - l i n e  system 
c a l j b r a t i o n  removes env i ronmenta  
e r r o r .  T h i s  i s  a combined va lue  
a c c o u n t i n g  f o r  e r r o r  source  9, 
10. and 11. 

N e g l i g i b l e  e r r o r ;  d a t a  ave rag ing  
reduce e r r o r  t o  n e g l i g i b l e  
magn i tude.  Each d a t a  p o i n t  
c o n s i s t s  o f  t h e  average o f  20 
samples taken  a t  a r a t e  o f  one 
samDle eve rv  1 . 5  sec.  
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1 A B L E  8-111. - Concluded. 

( b )  T o t a l  e r r o r s b  

Magn i tude,  kPa ( p s i )  

PS7 

0.524( .0-/6) 
.524(.076) 
.524( .076) 

.191( .028) 

.191( .028) 

.191( .028) 

.906( .131) . O n h i  a""\ . 1 7 1 \  , .. . , 

E r r o r  

PAMU, PBOAl  , PSEAI. 

0.055( .008) 
.055( .008)  
.055( .008)  

.044( .006)  

.044( .006)  

.044( .006)  

.143( .021) . ! A ? (  . -, . n 3 1 \  - - . , 

B ias ,  
B 

P r e c i s i o n ,  
S 

U n c e r t a i n t y ,  
ii 

C o n d i t i o n  

P1 

0.055(.008) 
.055( .008)  
.055( .008)  

.044( .006) 

.044(.006) 

.044(.006) 

.143( .021) 
> A - /  . ,'tJ\ . V L I )  

.143( .021) 

PS 1 

0.078( .011) 
.094( .014) 
.059( .009) 

.044 ( .006) 

.044( .006) 

.044 ( .006) 

.166( .024) 
i o < ) /  n l r \  

.147( .022) 

. ,ur\ .",.U) 

P2 

0 .055( .008)  
.055(.008) 
.055( .008) 

.044(.006) 

.044( .006)  

.044( .006) 

.143( .021) 

.143( .021) 
i a q t  n 3 i \  

.'T"\."L', 

P 7  

0.5 2 4 ( .07 6 ) 
.524( .076)  
.524( .076) 

.191( .028) 

.191(.028) 

.191( .028) 

.906( .  131 ) 
o n c i  1 7 1 )  

.906( .131) 

. J " " \ . ' " ' ,  

b l o t a l  system b i a s ,  B = q ( b 2 ) 2  + ( b 6 ) 2  ; t o t a l  system p r e c i s i o n ,  S = q ( ~ l ) ~  + ( ~ 6 ) ~  ; 
t o t a l  system u n c e r t a i n t y ,  U = ?(B t 2 * S ) .  

STANDARDS 
CALIBRATION 
HIERARCHY jb  ,s 

_ L L  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -  P 
TEST CELL 

SYSTEM 

-I- 

4 REFERENCE PROBE 1 b 3 * S 3  ) 
INSTALLATION 
EFFECTS 

LINE PRESSURE i jbq.sq) 

+ j REFERENCE SOURCE j ( b 5 , s 5  

TEST CELL * SYSTEM #ENSOR HYSTERESIS ~ (bgSS6 
CALIBRATION + NONl INFA RITY ( b 7 * S 7  

RFPEATABILITY ( bg*sg 

TEMPERATURE 1 (bg*sg n+ 
ENVIRONMENTAL 
EFFECTS 

PRESSURE 1 ( b l l * s l l I  

DATA SYSTEM SAMPLING ERROR ] (b12'S12) 

MEASUREMENT CHANNEL ERROR 1 (b13 's13)  

DATA PROCESSING ERROR ( b l q , S l q )  

ACQUISITION 

PROCESS I NG 4 
FIGURE B-3.- ELEMENTAL ERROR SOURCE DIAGRAM FOR PRESSURE MEASUREMENT 

SYSTEM. 



Elemental Error Source Description for Temperature Measurement System 

Error Type Error Description 

Error due to manufacturer specification of wire or standard lab 
calibration, which ever is used 

Error due to reference temperature level 

Error due to reference temperature stability 

Error due to probe design caused by radiation, friction, etc., 
when measuring gas temperatures 

Error due to heat conduction 
Error due to temperature gradients along nonhomogenious 
thermocouple wi re 

Error from signal conditloning, mlllivolt calibration source, and 
digttal system 

Error from curve fit of thermocouple tables furnished by national 
standards laboratory 

Error associated with the ability to determine a representative 
value over a specified time interval when the data are varing 
because o f  plant or engine instability 



Source 

.11( .2) 

b l  
s l  

b2 
s2 

b3 
s3 

b4 
s 4  

b5 
s 5  

b6 
s6 

b7 
S l  

b9 
s9 

. l l (  .2) 

TABLE 6-IV. - ELEMENTAL ERROR SOURCE EVALUATION FOR TEMPERATURE MEASUREMENT SYSTEM 
[Measured var iab les ,  TAIR, T2, T7, TM1, TM7; range, c o n d i t l o n  3, 6. 9 a t  NH = 8875 rpm.] 

( a )  Elemental e r r o r s  

Parameter 

TAIR 
T2 
T7 
TM1 
TM7 

Magnitude, K ( O F )  

Er ro r ,  K ( O F )  

Total system To ta l  system To ta l  system 
b ias ,  p rec i s ion .  unce r ta in t y ,  

B S U 

1.2(2.2) .30(. 54) 1.8(3.3) 
1.2( 2.2) .30( .54) 1.8(3.3) 
2.2( 4 .0 )  .30( .54) 2.8(5.1) 
1.2(2.2) .30(. 54) 1.8(3.3) 
2.2(4.0) .30(. 54) 2.8(5.1 j 

~~ 

TAIR 

l . l l ( 2 . 0 )  
N O )  

0.41( .74) 
O(0) 

.28( .5) 

.11( .2)  

(a )  

Comen t s 

Manufacturer 's l i m l t  o f  e r r o r  on spec ia l  grade K-type 
thermocouple w l  r e  

Estlmated f rom s p e c i f i c a t i o n s  da ta  o f  re fe rence ovens 

Estlmated f rom s p e c i f i c a t i o n s  da ta  o f  re fe rence ovens 

Recovery c o r r e c t i o n  as est imated from NASA TP1099 

Neg l i g ib le  e r r o r ;  probe design cons ldera t ions  reduce 
er ro r  t o  n e g l i g i b l e  magnltude 

Neg l i g ib le  e r r o r ;  small  g rad ien ts  

Estimated by us lng  method spec i f i ed  i n  r e f .  3, sec t i on  
5.3.2.1; t h l s  i s  a combined value account ing f o r  e r r o r  
7 and 8. 

Neg l l g ib le  e r r o r ;  da ta  averaging reduce e r r o r  t o  n e g l i g i b l e  
magnltude. Each da ta  p o i n t  cons i s t s  o f  t h e  average o f  20 
samples taken a t  a r a t e  o f  one sample every 1.5 sec. 

( b )  To ta l  e r ro rsb  

'Magnitude = 0 K (OF). 
bTota l  system b ias ,  B =)l(bI) '  t (b2 )2  t (b7)2 ; t o t a l  system p r e c l s l o n  S = {-; 

t o t a l  system uncer ta in t y ,  U = +(B + 2 * S ) .  
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STANDARDS 
CALIBRATION 
HIERARCHY P , q i  _________-______-_- - -  a 

TEST CELL 
SYSTEM 

1 

STABILITY 1 (b3*s3) 
REFERENCE 
SYSTEM 

PROBE RECOVERV~ ibs,sq)  

CONDUCTION d-ly-[ INSTALLATION ~ ~ ~ s ~ )  

TEMPERATURE 1 ( b 6 * s ~  ) - -  
A 

DATA SYSTEM MEASUREMENT CHANNEL 1 i b 7 %  
ACQUISITION 

DATA PROCESSING ERROR 1 [ b8's8 ) 

SAMPLING ERROR 1 (b9,Sg)  

FIGURE B-4 .  - ELEMENTAL ERROR SOURCE DIAGRAM FOR TEMPERATURE 
MEASUREMENT SYSTEM. 
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Elemental E r r o r  Source Descr ip t ion  f o r  Rotor Speed Measurement System 

E r r o r  Type E r r o r  D e s c r i p t i o n  

b l  s l  Standards l a b  c a l i b r a t i o n  of f requency c a l i b r a t i o n  source, 

b2 s2 E r r o r  f r o m  sensor design ( g e a r - t o o t h  shape, e t c . )  

b3 s 3  E r r o r  f rom r o t o r  mount (gear  r a t i o )  

b4 s 4  E r r o r  due t o  t h e  e f f e c t  o f  v i b r a t i o n s  on t h e  speed sensor 

b5 s5 E r r o r  f rom s i g n a l  c o n d i t i o n i n g ,  c a l i b r a t i o n  o s c i l l a t o r ,  and 

b6 s6  E r r o r  f rom c a l i b r a t i o n  curve  f i t  

b7 s 7  E r r o r  assoc iated w i t h  t h e  a b i l i t y  t o  determine a r e p r e s e n t a t i v e  

i n c l u d i n g  t r a c e a b i l i t y  t o  n a t i o n a l  standards 

d i g i t a l  system 

va lue  over a s p e c i f i e d  t i m e  i n t e r v a l  when t h e  da ta  a r e  v a r i n g  
because o f  engine i n s t a b i l i t y  

TABLE B-V. - ELEMENTAL ERROR SOURCE EVALUATION FOR ROTOR SPEED 

MEASUREMENT SYSTEM 

[Measured v a r i a b l e s ,  NH, NL; range, 8875 rpm f o r  NH, 5300 rpm 
f o r  NL; t o t a l  system bias, B = 1.2 rpm f o r  NH, (0.8 rpm f o r  NL); 
t o t a l  system p r e c i s i o n ,  S = 0 rpm f o r  NH and NL; t o t a l  system 
u n c e r t a i n t y ,  U = E? t 2 * S = 1 - :;im f o r  NH, (0.8 rpm f o r  NL). ]  

Source 

b l  
s l  

b2 
s2 

b3 
s3 

b4 
s 4  

b5 
s 5  

Magnitude, rpm 

0 

0 

0 

0 

1.2 
0 

._ 

Comments 

I n t e r n a l  da ta  system o s c i l l a t o r  
used t o  p e r i o d i c a l l y  check counter 

N e g l i g i b l e  e r r o r  

N e g l i g i b l e  e r r o r  

Negl ig ’ lb le e r r o r  

Estimated f rom data  system s p e c i f i c a t i o n s ;  
t h i s  i s  a combined va lue account ing f o r  e r r o r  
source 5,  6, and 7 .  A va lue o f  0.8 rpm was 
estimated f o r  NL. 
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CALIBRATION 

Source Magnitude 

crn in. 

SENSOR I (b”2) 

ROTOR MOUNT 1 (?5”3) 
INSTALLATION 

C omme n t s 

I 1 -  

bl 
sl 

I TEST CELL I 

0.0025 .001 Instrument resolution 
.008 .003 Measurement repeatability 

4 VIBRATION I ( b 4 ’ s 4 )  

ENVIRONMENTAL 

b2 0 0 Temperature effect accounted for in data 
s2 0 0 reduction program 

- 

DATA SYSTEM 
ACQUl S I T  ION 

ASUREBFNT CHANNEL ERROR 1 (b5’s5) 

4 DATA PROCESSING ERROR I (bg*s6)  
PROCESSING 

SAMPLING ERROR 1 i b7*S7)  

FIGURt  8-5 .  - ELEMENTAL ERROR SOURCE DIAGRAM FOR ROTOR SPEED 
MEASUREMENT SYSTEM. 

Elemental Error Source Description for Area Measurement System 

Error Type Error Description 

Error from the standards laboratory calibration of the precision 
instrument used to make the physical measurements 

bl 5 1  

b2 52 Error due to differences in temperature from area measurement 
and testing 

TABLE 8-VI. - ELEMENlAL ERROR SOURCE EVALUATION FOR 

AREA MEASUREMENT SYSTEM 
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TABL€ I .  - PSL-3 DATA A C Q U I S I T I O N  11M€ SUMMAKY 

Phase 1. scan and da ta  a c q u i s i t i o n ,  msec . . . . . . . . . . . . 
Phase 2, eng ineer ing  u n i t  convers ion ,  msec . . . . . . . . . . . 
Phase 3. l i m i t  checking and reco rd ing ,  msec . . . . . . . . . . . 
Phase 4 ,  performance c a l c u l a t i o n ,  msec . . . . . . . . . . . . . 
Phase 5, d i sp lay  f o r m a t t i n g ,  msec . . . . . . . . . . . . . . . . 
Phase 6, d i sp lay  f o r m d t t i n g ,  msec . . . . . . . . . . . . . . . . 
Phase 7, graphic d i s p l a y .  msec . . . . . . . . . . . . . . . . . 
Phase 8. spare, msec . . . . . . . . . . . . . . . . . . . . . . 

. 0 t o  100 

. 100 t o  150 

. 150 t o  200 

. 200 t o  600 

. 600 t o  700 . 700 t o  750 

. 750 t o  850 

.850 t o  1000 

TABLE 11. - PSL-4 DATA ACQUISITION T I M E  SUMMARY 

Phase 1 ,  da ta  scan, a c q u i s i t i o n .  and t ransrn lss ion ,  msec . . . . . . . . . . . . . 0 t o  235 
Phase 2. eng lnee r lng  u n i t  convers ion ,  msec . . . . . . . . . . . . . . . . . . . . 235 t o  285 
Phase 3, performance c a l c u l a t l o n ,  msec . . . . . . . . . . . . . . . . . . . . . . 285 t o  625 
Phase 4, l i m i t  checking, msec . . . . . . . . . . . . . . . . . . . . . . . . . . 625 t o  660 
Phase 5, h i s t o r y  f i l e  w r i t e ,  msec . . . . . . . . . . . . . . . . . . . . . . . . 660 t o  672 
Phase 6 ,  d i s p l a y  output,  msec . . . . . . . . . . . . . . . . . . . . . . . . . . 672 t o  1070 

TABLE 111. - DATA A C Q U I S l l l O N  P A R A M C l t K S  

!eas ured 
Ia r  l able 

FS 
WF 
P1 
PS1 
PAMB 
P2 
P7  
PS7 
T A I R  
T2 
17 
NH 
NL 
PSEAL 
PBOAl 
TM1 
TM7 

To ta l  number 
o f  taps  

PSL- 3 

a4 
b2 
c 4  

4 
4 

20 
36 

4 
13 
10 
36 

1 
1 
4 
4 
2 
4 

PSL- 4 

a4 
b2 
c4 

4 
4 

20 
36 

4 
13 
10 
36 
1 
1 
4 
4 
2 
4 

~ 

To ta l  scanning 
pe r lod  ( p e r i o d  
per read ing ) ,  

s ec 

PSL- 3 PSL-4 

lumber o f  scans 
per  t o t a l  

p e r i o d  (scans 
per  read ing )  

PSL-3 

20 
20 

20 1 
! 5 

5 
20 
20 

'SL-4 

Number o f  
due l  1 s 

read lng  
pe r  

__ 
'51-3 p51-4 

"wo load c e l l s  were us?d (FM. FP), each load  c e l l  c o n s i s t s  o f  two 

bTwo f l o w  meters were used. 
CFour maln s t ream pressures ,  p l u s  fou r  rakes of  seven P i t o t s  f o r  boundary 

b r idges .  

layer  assessment. 
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TABLE I V .  - MEASURED VARIABLE ERRORS 

Name 

PS1 

P1 

P2 

PS7 

P7 

PAMB 

n r c n i  
raLnL 

P8OAl 

T A l R  

T2 

77 

Measured va r 1 a b l  e 

Nominal  v a l u e  

:ondl  t i o n  

3 
6 
9 

3 
6 
9 

3 
6 
9 

3 
6 
9 

3 
6 
9 

3 
6 
9 

3 
6 
9 

3 
6 
9 

3 
6 
9 

3 
6 
9 

3 
6 
9 

U n i t  PSL-3 

72.5 
71.2 
18 .2  

84 .O 
83.4 
20.8 

83.6 
83.1 
20.7 

140.6 
139.7 

35.1 

152.9 
153.0 

38.6 

83.2 
63.9 
15.8 

76.7 
68.0 
17.3 

83.2 
63.9 
15 .8  

288.9 
288.9 
288.9 

288.9 
288.9 
288.9 

724.0 
725.0 
805.0 

PSL-4 

72.3 
71 .6 
18 .5  

83 .2  
83.2 
21 .o 

83.1 
82.9 
21 .o 

139.7 
138.4 

35.0 

152.8 
152.3 

38.5 

82.6 
63.7 
16.2 

76.3 
68.3 
17.7 

82.6 
63.7 
16 .2  

288.7 
288.5 
289.6 

288.7 
288.5 
289.6 

727.4 
718.4 
801.2 

E r r o r ,  p e r c e n t  o f  nomina l  v a l u e  

B i a s  

PSL- 3 

3.1076 
.1320 
.3242 

.0655 

.0659 

.2644 

.0658 

.0662 

.2657 

.0541 

.0544 

.2165 

.0497 

.0497 

.1969 

.0661 

.0861 

.3481 

. " I  n71? 

.0809 

.3179 

.0661 

.0861 

.3481 

.4154 

.4154 

.4154 

0.41 54 
.4154 
.4154 

.3039 

.3034 

.2733 

PSL-4 

0.1079 
.1313 
.3189 

.0661 

.0661 

.2619 

.0662 

.0663 

.2619 

.3751 

.3786 
1.4971 

.3429 

.3441 
1.3610 

.0666 

.0863 

.3395 

n73i 

.0805 

.3107 

.066b 

.0863 

.3395 

.4157 

.4159 

.4144 

0.4157 
.4159 
.4144 

.3024 

.3062 

.2746 

. " . . - I  

P r e c i s i o n  

PSL-3 

0.0303 
.0309 
.1209 

.0262 

.0264 

. l o 5 8  

.0117 

.0118 

.0473 

.0320 

.0322 
,1282 

.0098 

.0098 

.0389 

.0264 

.0344 

.1392 

n3Rl . " L _ ,  

.0324 

.1272 

.0264 

.0344 

.1392 

.0277 

.027 1 

.0277 

0.0312 
.0312 
.0312 

.0069 

.0069 

.0062 

PSL-4 

0.0304 
.0307 
.1189 

.0264 

.0264 

. l o 4 8  

.0118 

.0118 

.0467 

.0684 

.0690 

.27?9 

.0208 

.0209 

.0826 

.0266 

.0345 

.1358 

n3RR 
.0322 
.1243 

.0266 

.0345 

.1358 

.0271 

.0277 

.0276 

0.0312 
.0312 
.0311 

.0069 

.0070 

.0062 

U n c e r t a i n t y  

PSL-3 

0.1683 
.1938 
.5659 

.1179 

.1187 

.4760 

.0892 

.0898 

.3604 

.1181 

.1188 
-4729 

.0693 

.0693 

.2746 

.1190 

.1549 

.6266 

. 1391 . - -  

.1456 

.5723 

.1190 

.1549 

.626b 

.4708 

.4708 

.4708 

0.4771 
.4777 
.4777 

.3177 

.3172 

.2857 

p51-4 

0.1687 
.1927 
.5568 

.1190 

.1190 

.4714 

.0898 

.0900 

.3552 

.5118 

.5166 
2.0429 

.3846 

.3858 
1.5262 

.1199 

.1554 

.6111 

. 1748 . - _  

.1449 

.5593 

.1199 

.1554 

.6111 

.4711 

.4714 

.4696 

0.4780 
.4783 
.4765 

.3162 

.3202 

.2871 
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TABLE I V .  - Concluded.  

Name 

TM1 

lM7 

WF 

FS 

A 1  

A8 

ASEAL 

ABOAl 

NL 

NH 

LHV 

Measured v a r l a b l e  

Nom1 n a l  v a l u e  

:ondl t i o n  

3 
6 
9 

3 
6 
9 

3 
6 
9 

3 
6 
9 

3,699 

3,6,9 

3.6.9 

3,6,9 

3 
6 
9 

3 
6 
9 

3,699 

PSL-3 

295.3 
287.9 
287.9 

669.7 
670.8 
690.2 

547 
561 
164 

21 285 
1 8  750 

4 773 

.3711 

.2376 

.0335 

.1715 

5 252 
5 335 
5 402 

8 874 
8 874 
8 862 

43 234 

PSL-4 

291.5 
287.5 
289.5 

672.9 
667.0 
682.8 

551 
556 
163 

!1 170 
8 200 
4 757 

.3711 

.2376 

.0335 

.1715 

5 249 
5 311 
5 313 

8 884 
8 887 
8 872 

13 234 

E r r o r ,  p e r c e n t  of nomina l  v a l u e  

B i a s  
~ 

PSL- 3 

1. 4064 
.4168 
.4168 

,3285 
.3280 
.3187 

.6216 

.6239 

.6098 

.3467 

.3936 
1 S 4 6 2  

.0073 

.0092 

.1191 

.0211 

.0152 

.0150 

.0148 

.0135 

.0135 

.0135 

.1180 

PSI-- 4 

1.4117 
.4174 
.4145 

.3269 

.3298 

.3222 

.5626 

.5396 

.6135 

.3240 

.3769 
1 .442'1 

.0073 

.0092 

.1191 

.0211 

.0152 

.0151 

.0149 

.0135 

.0135 

.0135 

.1180 

38 

-~ 

P r e c i s  i o n  

PSL- 3 PSL- 4 

U n c e r t a i n t y  

PSL- 3 

0.5499 
.5641 
.5641 

.3733 

.3727 

.3622 

1.2066 
1.1943 
1.5854 

.6981 

.7925 
3.1133 

.0514 

,0646 

.e375 

.1475 

.0152 

.0150 

.0148 

.0135 

.0135 

.0135 

.2540 

p51-4 

0.5571 
.5649 
.5610 

.3715 

.3748 

.3661 

1.1434 
I .1152 
1.5951 

.-IO29 

.e308 
2.9346 

0.0514 

.0646 

.e775 

.1475 

.0152 

.0151 

.0149 

.0135 

.0135 

.0135 

.2540 



TABLE V .  - INFLUENCE COEFFICIENISa 

Measured v a r l a b l e s  Per fo rmance p a r a m e t e r  i n f l u e n c e  c o e f f l c l e n t s .  p e r c e n t / p e r c e n t  
- 

e s t  
e l l  

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

- 

- 

dame l e s t  
c o n d l  t i  on 

WA 1 

__ 
2.711 
2 .853 
2.414 
2 .596 

-3 .013 
-3.124 

3.568 
3 .696 
3 .305 
3 .470 
3 . 8 4 1  
3 .953 

- ,009 
,000 
,000 
.ooo 

. ,007 
.ooo 

I 
1 

i 
I 
1 
I 
,499  

- .502 
- .493 
- ,498 
- ,497 

,491 

FN 

~ 

0 .697 
,731 

t ,393 
e .372 
b .465 
t ,467  

2 .086 
2.150 

,834 
,959 
,805 
,836 

1 . 1 2 4  
- 1 . 3 6 7  

1.015 
1.021 

,912 
.944 

P 
1 

I 
- 2 . 7 7 0  
- 2 . 4 1 0  
- ,824 
- ,845 
- ,841 
- ,872 

.036 

.037 

.055 
,057 
.Ob3 
,054 

.613 

.613 
,511 
.581 
,545 
.55  I 

,031 
,035 
,279 
.282 
,259 
,252 

SFC 

~ 

t 0 .703 
t ,736 

,396 
. ,314 

, 4 6 5  
. , 4 6 6  

- 2 . 0 4 2  
-2 .103 

,831 
- ,949 
- ,792 
- ,831 

4.960 
4.567 
1 . 0 2 4  
1 .026 

,930 
,941 

P c 

I 
-2 .850 
-2 .410 

.83  I 
,853 
,852 
,872 

- ,035  
- ,035 

,058 
- ,057 

,052 
,060 

,608  
- ,609 
- ,569 
- , 5 7 5  
- .542 
- ,561 

- .03  
- ,034 

.280 
- ,278 
- ,249 
- .259 

MA1 R O  

__ 
- 2 . 7 1 9  
2.844 

- 2 . 4 2 4  
2.399 

- 3 . 0 1 1  
-3 .124 

3 . 5 6 2  
3.699 
3.293 
3.474 
3.852 
3.949 

. .996 
- ,990  

.999 
- ,989 
- ,995 
- ,991 

I 
I 

1 
i 
i 
i 
.502 
.495 

- ,504 
- ,490  
~ ,493 
- ,499 

FNRD SFCRO WFRD CG8 

~ 

0 .809 
,862 
,612 
,699 
,711 
.742 

2.165 
2.244 
1 .715 
1 .E64 
1 .833 
1 .887 

.003 
,000 

- ,003 
,000 
.004 
,000 

T 
I 

. 1 , 7 4 9  
- 1.129 
- 1 . 4 6 1  
- 1 . 4 7 2  
- 1 . 4 6 0  
- 1 . 4 7 8  

- 1 .082 
- 1 ,097 
- ,704 
. ,712 

,693 
. .712 

,033 
,033 
.03  I 
,038 
,037 
,038 

,518 
. 5 7 5  
,367 
,371 
.361 
,312 

0 
,001 
,001 
,001 
,001 
,001 

C V 8  '102 PS102 NHRO 

0.815 
.a70 

b .392 
t ,390 
t ,441 
b ,484 

2.177 
2.260 

.a35 
,965 
.E13 
,831 

1.801 
1.794 
1 . 1 8 4  

- 1 . 7 9 5  
- 1  ,752 

1 .762 

I 
1 

I 
- 1 . 0 7 1  
- 1  ,065 
- 1 . 0 5 1  
- 1 . 0 1 2  
-1.010 
- 1.032 

,033 
,033 
,058 
,059 
,054 
,064 

,579 
,571 
, 5 7 1  
,581 
, 5 4 5  
,566 

0 
0 

. 2 7 1  
,282 
,250 
,256 

+o. 822 
+ , 8 7 1  
- .394 
- ,373 
- ,454 
. ,483 

- 2 . 1 3 0  
-2.209 
- .a35 
- .957 
- ,813 
- ,820 

,824 
.e19 
.EO6 

1 . 0 0 1  
:I79 
. 7 8 5  

P 
i 

1 
1 ,061 
1 . 0 5 5  
1 ,065 
1 .081 
1 .044 
1 .041 

- , 0 3 3  
- .033 
- ,058  
- .057 

,060 
. 060 

- ,577 
- ,574 
- ,576 
- .581 
- ,514 
- ,561 

0 
0 

- ,278 
- .287 
- ,265 
- ,258  

-2.706 
- 2 . 8 4 1  
- 2 . 4 1 3  
-2 .593 
- 3 .005 
-3 .116 

3.565 
3 .688 
3 .293 
3 .462 
3.841 
3 .945 

- .005 
,000 

- ,006 
,000 
,006 
.ooo 

I 
1 

- 1 .023 
- 1 . 0 1 3  
- 1 .ooo 
- 1 . 0 0 0  
- 1 . 0 0 2  
- 1 ,002 

,023 
.013 
,000 
,000 
.ooo 
.ooo 

I 
I 

- ,496 
- ,496 
- . 4 9 6  
- ,495 
- ,495 
- .496 

1 . 9 4 5  
2.038 
1 .E46 
1 .946 
2.368 
2.453 

1 .351 
-1.395 
-1 .527 
-1 .544 
.1 .933 
-1 .917 

.002 
,000 
,002 
,000 
.003 
,000 

I 
I 

- ,732 

- . 4 / 1  
- ,417 
- ,461 
- ,481 

- 1 . 1 1 0  
-1.110 

,704 
- ,713 
. .692 
- ,711 

,033 
,033 
,036 
,037 
.038 
,039 

. 5 7  I 

.514 
,367 
,371 
,360 
,317 

,499 
,499 
,499 
,499 
,499 
,497 

- ,724 

1 
I 
i 

I 
1 
P 
! 
I 

i c 

i 
P 

i 
i 
I 
I 
I 

.999 
,990 
,993 
,990 
.991 
,986 

.999 
,999 

I .010 
I ,000 
1 .003 
1.000 

1 
i 
i 

I 
P 
P 
P 
i 

I 
4 

5 1  

'1 

P2 

PSI 

P I  

PAW 

PStA l  

PBOA I 

l A l R  

3 
3 
6 
6 
9 
9 

3 
3 
6 
6 
9 
9 

3 
3 
6 
6 
9 
9 

3 
3 
6 
6 
9 
9 

3 
3 
6 
6 
9 
9 

3 
3 
6 
6 
9 
9 

3 
3 
6 
6 
9 
9 

3 
3 
6 
6 
9 
9 

3 
3 
6 
6 
9 
9 

P 
1 

.993 
,988 
,987 
.988 
.998 
,988 

I c 
1.001 

,995 
,998 

1 . 0 0 1  
,996 

1 .003 

I 
I 
1 

I 
I 

I 
i t 

i 
i 

,989 
.990 
.990 
,992 
,994 
,993 

1 c 

a F o r  a l l  t e s t  c o n d i t i o n s  and t e s t  c e l l s ,  measured v a r i a b l e s  ABOAl. NI-. NH, AN0 LHV had I n f l u e n c e  c o e f f i c i e n t s  o f  z e r o  e x c e p  
p e r f o r m a n c e  p a r a m e t e r s :  NL = 1 . O  f o r  NLR; NH = 1 , O  f o r  NHRD; LHV = 1 . O  f o r  SFCRO and W F R O .  

o r  t h e  f o l l o w i n g  
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Measured v a r l a b l e s  r a m e t e r  I n f l u e n c e  c o e f f l c l e n t s ,  p e r c e n t / p e r c e n t  Pe 

WA1 R O  

0 .502 
,504 
,504 
,498 
,508 
,495 

i 

P 
P 
P 
1 
i 

,009 
,009 
,009 
,009 
,011 
,007 

,996 
,999 
,999 

1 . 0 0 6  
1.002 

.998 

~- __ 

rmance 

FNRO 

_ _  
FCRO 

0.500 
,491 
.221 
,220 
,240 
,242  

I 
I 

,001 
.001 
,000 
,000 
,000 
.009 

0 

1.000 
,999 
,998 
,995 

1 .001 
,992 

.a59 
,855 
.9b9 
,967 
.950 

. ,958 

.151 
, 1 5 5  
,010  
.019 
,026 

. ,026 

0.004 
,005 
,000 
,000 
,009 

- ,009 

,013 
,013 

- ,019 
- ,019 
- .017 
- ,017 
~ 

~ 

NHRO 

- 
NLR 

___ 
- 0 . 4 9 5  
- ,498 
- ,497 
- ,498 
- ,496 
- .496 

i 
P 
I 
I 
1 
I 
1 

~-~ 

fN 

~~ 

0 .021 
.035 
,276 
,284 
,250 
,261 

I 
I 
I 

I 

,002 
,002 
,000 
.ooo 
.ooo 
,000 

,915 
,918 
,978 
,968 
,957 
,962 

,099 
,096 
,009 
,019 
,027 
,018 

- ,013 
- ,014 
+ ,009 
+ ,012 
t ,018 
t ,009 
_ _ ~ ~  

SFC 

~~~ ~~~ 

0.026 
,034 
.210 
.278  
,258 
,250 

I 
i 

,001 
,001 
,000 
,000 
,000 
,000 

1 .ooo 
,999 
,995 
,997 

1.007 
,993 

,906 
,909 
,975 
,958 
,947 
,958 

,099 
,096 
,010 
,019 
,026 
.026 

I 
,013 
,014 

- .019 
. ,009 
. ,009 
- .017 
~ 

- 
lame 

- 
2 

J 

I H l  

I M7 

1F 

: 5  

R1 

A8 

ASEA 

- 

- 
e s t  
e l  1 

3 
4 
3 
4 
3 
4 

- 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 
- 

~ ~ _ _  
WAl 

~ 

I .  000 
,000 
,009 
.ooo 
,007 
,000 

I 
P 
I 
1 

I 

,009 
,009 
,009 
.009 
, 0 0 1  
,011 

,999 
.996 

1.004 
1 . 0 0 5  

,998 
1 .001 

WFRO CG8 

~ 

0.003 
0.000 

,005 
0.000 

,004 
0.000 

,011 
,013 
.010 
,010 
,012 
,011 

.001 
,002 
.004 
,004 
,003 
,003 

0 .016 
,015 
,015 
,015 
,017 
,016 

0 
,002 
.001 
,002 
. O O l  
,001 

,862 
,839 
,628 
,619 
,633 
,631 

,148 
,154 
,364 
,313 
,355 
,353 

0.991 
.989 
.990 
.989 
.990 
,990 

- ,014 
.013 

b ,007 
+ .008 
+ ,009 
+ ,008 

C V 8  P702 '5792 T e s t  
o n d l  t l o n  

C O B  

0.007 
0.000 

.007 
0.000 

,008 
0.000 

.522 
,522 
,522  
,522 
,526 
,525  

,010 
,010 
.a09 
,009 
.009 
,009 

- 0 . 0 1 5  
. ,016 
- ,016  

,016 
- .01b 
- .016 

.012 

.012 

. O l  1 
,012 
,016 
.015 

1 

i 
-0.999 
- .99€ 
- 1  .ooc 
-1  .OO[ 
- 1.002 
-1.002 

0.004 
0.000 

. 215  
,280 
,259 
,256 

I 
i 
I 

,002 
,002 
,000 
,002 
.ooo 
,000 

,867 
,863 
.980 
,970 
.956 
,968 

,152 
,155 
,012 
.021 
,021 
. 0 2 1  

-0.004 
- ,005 

,000 
.ooo 

- ,009 
- ,009 

- ,013 
- ,013 
t ,012 
t .012 
t .009 
t ,018 
~~ 

0 . 4 9 5  
,496 
. 4 9 1  
,497 
.491 
,496 

1 
I 
1 

I 
P 
1 
i 

1.009 
1 .002 

.999 
,999 

1.002 
1 .001 

- 0 . 0 0 4  
0.000 

- ,003 
0.000 

- ,004 
0.000 

- .509 
- .507  
- ,509 
- ,509 
- ,511 
- ,511 

- .010 
- ,008 
- .a06 
- ,006 
- ,006 
- ,006 

I 
- . O l l  
- ,011 
- ,011 
- ,011 
- .013 
- ,013 

,858 
,858 
,621 
,619 
,634 
,638 

- ,841 
- ,837  
- . 6 2 7  
- ,619 
- ,636 
- ,639 

0 . 0 1 1  
.010 
. O l O  
. O l  0 
,013 
,012 

~ .013 
- .013 

. O O l  
,008 
,010 
,029 

0 . 9 9 0  
,988 
,993 
,987 
,991 
,990 

1 .002 
1.001 
1 .ooo 
1 .003 

,998 
1 .001 

I 
I 
I 
1 
I 
1 
I 

3 
3 
6 
6 
9 
9 

3 
3 
6 
b 
9 
9 

3 
3 
6 
b 
9 
9 

3 
3 
b 
b 
9 
9 

3 
3 
6 
6 
9 
9 

3 
3 
b 
b 
9 
9 

3 
3 
6 
6 
9 
9 

3 
3 
6 
b 
9 
9 

3 
3 
6 
6 
9 
9 

1.496 
,497 
.496 
, 4 9 1  
,497 
.496 

I 
I 
I 
I 
I 
1 
i 
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TABLE VI. - PERFORMANCE PARAMETER E R R O R S ~  

Performance parameter 

Name 

WA1 

FN 

SFC 

WA1 RD 

FNRD 

SFCRD 

Test  
c e l l  

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

Test  
cond i t i on  

3 
3 
6 
6 
9 
9 

3 
3 
6 
6 
9 
9 

3 
3 
6 
6 
9 
9 

3 
3 
6 
6 
9 
9 

3 
3 
6 
6 
9 
9 

3 
3 
6 
6 
9 
9 

E r r o r ,  percent  o f  read ing  

Bias 

0.43 
.45 
.44 
.46 

1.43 
1.45 

.51 

.48 
-44  
.42 

1.51 
1.48 

.81 

.74 

.76 

.68 
1.67 
1.60 

.48 

.49 

.49 

.49 
1 . 4 7  
1.49 

.37 

.36 

.45  

.44 
1.63 
1 . 5 5  

.75 

.70 

. 7 7  

.68 
1.69 
1 .61 

P rec i  s i o n  

0.13 
.13 
.12 
- 1  2 
.55 
.56 

.19 

.20 
- 20 
.22 
.77 
.74 

.35 

.35 

.35 

.36 

.91 

.88 

.13 

.13 

.12 

.12 

.55 

.56 

.17 

.18 

.20 

.23 
-78 
.75 

.34 

.35 

.35 

.37 

.91 

.89 

Uncer ta in t y  

0.68 
.71 
.67 
.71 

2.52 
2.57 

.90 

.88 
~ 84 
.87 

3.11 
2.96 

1 .51 
1.45 
1.45 
1 . 4 1  
3.49 
3.37 

.74 

.76 

.73 

.73 
2.56 
2.61 

.71 

.72 

.86 

.89 
3.18 
3.06 

1 . 4 4  
1.39 
1.48 
1.42 
3.51 
3.39 

aperformance parameters NHRD and NLRD shared b ias ,  
p r e c i s i o n ,  and unce r ta in t y  e r r o r s  o f  0.21, 0.02, 
and 0.24 percent  o f  readings f o r  a l l  c o n d i t i o n s  
and c e l l s .  

F 
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TABLE V I .  - Concluded. 

Test  
c o n d i t i o n  

I Performance parameter I E r r o r ,  percent  of read ing  I 
Bias P r e c i s i o n  U n c e r t a i n t y  Name 

W F R D  

C08 

C 68 

CV8 

T7Q2 

P7Q2 

PS7Q2 

Tes t  
c e l l  

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
4 
3 
4 
3 
4 

3 
3 
6 
6 
9 
9 

3 
3 
6 
6 
9 
9 

-36  
.68 
.30 
.58 

1 .18 
12.29 

0.67 
.62 
.67 
.59 
.71 
.71 

.46 

.58 

.47 

.60 
1.44 
1.99 

.08 
-38 
.09 
.38 
.34 

11.52 

.46 

.52 

.45 

.48 
1.40 
1.51 

.51 

I 
.49 
* 49 

.08 

.35 

.08 
-35 
.33 

1.39 

0.30 
.30 
.29 
.30 
.50 
.50 

.13 

.14 

.12 
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FIGURE 1. - ENGINE SCHEMATIC AND INSTRUMENTATION LOCATIONS. 
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